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Abstract—A brief review is given of the implications of the recent Brookhaven result on the muon
anomaly (aµ) for supersymmetry. We focus mainly on the implications of the recent results for the minimal
supergravity unified model. We show that the observed difference implies the existence of sparticles, most
of which should become observable at the Large Hadron Collider. Further, as foreseen in works prior to the
Brookhaven experiment, the sign of the difference between experimental prediction of aµ and its Standard
Model value determines the sign of the Higgs mixing parameterµ. Theµ sign has important implications for
the direct detection of dark matter. Implications of the Brookhaven result for other low-energy phenomena
are also discussed. c© 2002 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

In this paper, we briefly consider the recent devel-
opments in the analyses of the muon anomaly. First,
we will discuss the recent Brookhaven National Lab-
oratory (BNL) result on aµ [1] (a = (g − 2)/2, where
g is the gyromagnetic ratio) and its Standard Model
prediction. We then discuss the supersymmetric elec-
troweak effects on aµ. We will also discuss briefly
the effects of extra dimensions on aµ. Finally, we will
discuss the implications of the BNL result for the
direct detection of supersymmetry. The anomalous
moment is a sensitive probe of new physics since

a
new physics
l ∼ m2

l /Λ
2. (1)

Thus, aµ is more sensitive to new physics relative to
ae, even though ae is more accurately determined [2]
since aµ/ae ∼ 4 × 104. Regarding the experimen-
tal determination of aµ, one has first the classic
CERN experiment of 1977 [3], which gave a

exp
µ =

11659 230(84) × 10−10. The error in this measure-
ment was reduced by a factor of 2 in 1998 by the BNL
experiment [4], which gave a

exp
µ = 11659 205(46) ×

10−10, and the same error was further reduced by a
factor of 3 by the most recent BNL result [1]:

aexp
µ = 11659 203(15) × 10−10. (2)

The Standard Model contribution consists of several
parts [5]:

aSM
µ = aqed

µ + aEW
µ + ahad

µ , (3)
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where the “qed” correction is computed to order
α5 [5]:

aqed
µ = 11658 470.57(0.29) × 10−10 (4)

and aEW
µ including the one-loop [6] and the two-

loop [5] Standard Model electroweak correction is

aEW
µ = 15.2(0.4) × 10−10. (5)

The most difficult part of the analysis relates to the
hadronic contribution. It consists of several parts: the
α2 hadronic vacuum polarization contribution, the α3

hadronic correction, and the light-by-light contribu-
tion. The α2 hadronic vacuum polarization contribu-
tion can be related to observables. Specifically, one
can write

ahad
µ (vac.pol.) =

1
4π3

∞∫
4m2

π

dsK(s)σh(s), (6)

where σh(s) = σ(e+e− → hadrons) and K(s) is a
kinematical factor. The integral in (6) is dominated
by the low-energy part, i.e., the part up to 2 GeV,
which correspondingly is also very sensitive to errors
in the input data. In the evaluations of (6), one uses
a combination of experimental data at low energy
and a theoretical (QCD) extrapolation in the high-
energy tail. The analysis of ahad

µ (vac.pol.) is the most
contentious part of the analysis. In computing the
difference a

exp
µ − aSM

µ , BNL used the result of Davier
and Höcker [7]: ahad

µ (vac.pol.) = 692.4(6.2) × 10−10.
However, other estimates have appeared more re-
cently, and we will mention these later. The α3

hadronic correction can also be related to observables
2002 MAIK “Nauka/Interperiodica”
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but is generally small with a correspondingly small
error [8]: ∆ahad

µ (vac.pol.) = −10.1(0.6) × 10−10. The
light-by-light hadronic correction is the second
most contentious part of aSM

µ . This part cannot
be related to any observables and is thus a purely
theoretical construct. In the free quark model, it
evaluates to a positive contribution. However, more
realistic analyses give a negative contribution [9]:
∆ahad

µ (light-by-light) = −8.5(2.5) × 10−10. This re-
sult, which is though more reliable than the result
from the free-quark model, still has a degree of model
dependence. Overall, however, ∆ahad

µ (light-by-light)
is not the controlling factor in interpreting the BNL
result unless, of course, its sign is reversed. The
total result then is ahad

µ (total) = ahad
µ (vac.pol.) +

∆ahad
µ (vac.pol.) + ∆ahad

µ (light-by-light), which gives

ahad
µ = 673.9(6.7) × 10−10. (7)

Together, one finds

aSM
µ = 11659 159.7(6.7) × 10−10 (8)

and a 2.6σ deviation of experiment from theory,

aexp
µ − aSM

µ = 43(16) × 10−10. (9)

After the new g − 2 result from Brookhaven became
available, there have been several reanalyses of the
hadronic uncertainty [10–14]. Thus, the analysis
of [11] gives ∆ = 33.3(17.1) and the analysis of [12]
gives ∆ = 37.7 ± (15.0)exp ± (15.6)th, where ∆ =
(aexp

µ − aSM
µ ) × 1010. One finds that the difference

(aexp
µ − aSM

µ ) in these analyses is somewhat smaller
and the error is somewhat larger compared to the re-
sult of (9). Similar trends are reported in the analyses
of [10, 13]. An interesting assessment of the hadronic
contribution and the possibilities for improvement in
the future is given in [14]. For the discussion of the
rest of this paper, we will assume the validity of (9).

One may ask what is the nature of new physics
in view of (9). Some possibilities that present them-
selves are supersymmetry, compact extra dimen-
sions, muon compositeness, technicolor, anoma-
lous W couplings, new gauge bosons, leptoquarks,
and radiative muon masses. We shall focus here
mostly on supersymmetry as the possible origin
of the difference observed by the BNL experiment.
Supersymmetry has many attractive features. It helps
to stabilize the hierarchy problem with fundamental
Higgs, and it leads to the unification of the gauge
coupling constants consistent with the LEP data.
To extract meaningful results from SUSY models,
however, one needs a mechanism of supersymmetry
breaking. There are several mechanisms proposed
PH
for the breaking of supersymmetry such as gravity-
mediated, gauge-mediated, and anomaly-mediated.
We focus in this paper mainly on the gravity-mediated
models, i.e., the supergravity (SUGRA) unified mod-
els [15]. In the minimal version of this model based
on a flat Kähler potential, i.e., mSUGRA, the SUSY-
breaking sector is described by the parameters m0,
m1/2, A0, tan β, and sgn(µ). Here, m0 is the uni-
versal scalar mass; m1/2 is the universal gaugino
mass; A0 is the universal trilinear coupling; tan β =
〈H2〉/〈H1〉, where H2 gives mass to the up-quark
and H1 gives mass to the down-quark and the lepton;
and µ is the Higgs mixing parameter. The use of the
curved Kähler potential results in a SUGRA model
with nonuniversalities consisting of the minimal set
of soft SUSY parameters and additional parameters
that, for example, describe deviations from universal-
ity in the Higgs sector and in the third generation
sector.

Some of the interesting features of SUGRA
models include the fact that the radiative-breaking
constraints of the electroweak symmetry lead to the
lightest neutralino being the lightest supersymmetric
particle (LSP) and, thus, under the constraint of R
parity, the lightest neutralino is a possible candidate
for dark matter over most of the parameter space of
the model. Also, analyses in SUGRA models show
that the lightest Higgs must have a mass mh ≤
130 GeV under the usual assumptions of naturalness,
i.e., m0,mg̃ < 1 TeV. Finally, SUGRA models bring
in new sources of CP violation that in any case
are needed for baryogenesis. Thus, mSUGRA has
two soft CP-violating phases, while many more soft
CP-violating phases arise in nonuniversal SUGRA
models and in the minimal supersymmetric stan-
dard model (MSSM). Regarding some of the other
alternatives of SUSY breaking, one finds that the
gauge-mediated breaking (GMSB) does not produce
a candidate for cold dark matter, while the anomaly-
mediated supersymmetry-breaking (AMSB) sce-
nario now appears very stringently constrained by
the BNL data when combined with its specially
characteristic b → s + γ constraint.

Our analysis in mSUGRA includes two-loop
renormalization group evolutions (RGE) for the cou-
plings as well as soft parameters with the Higgs po-
tential at the complete one-loop level [16] minimized
at the scale Q ∼ √

mt̃1
mt̃2

for radiative electroweak
symmetry breaking. We have also included the SUSY
QCD corrections [17] to the top quark (with mt =
175 GeV) and the bottom quark masses, and we have
used the code FeynHiggsFast [18] for the mass of the
light Higgs boson.
YSICS OF ATOMIC NUCLEI Vol. 65 No. 12 2002
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2. SUSY CONTRIBUTION TO aµ AT ONE
LOOP

It is well known that aµ vanishes in the exact
supersymmetric limit [19] and is nonvanishing only
in the presence of supersymmetry breaking. Not sur-
prisingly then, aSUSY

µ (where aµ = aSM
µ + aSUSY

µ ) is
sensitive to the nature of new physics [20]. Thus, the
analysis of aSUSY

µ requires a realistic model of super-
symmetry breaking. The first such analysis within the
well-motivated SUGRA model was given in [21, 22].
We partially reproduce here the result of [22]

aSUSY
µ = aW̃

µ + aZ̃
µ , (10)

where aW̃
µ is the chargino contribution and aZ̃

µ is the
neutralino contribution. The chargino contribution
is typically the larger contribution over most of the
parameter space and is

aW̃
µ =

m2
µ

48π2

A
(a)
R

2

m2
W̃a

F1

(
m2

ν̃µ

m2
W̃a

)
(11)

+
mµ

8π2

A
(a)
R A

(a)
L

mW̃a

F2

(
m2

ν̃µ

m2
W̃a

)
.

Here, AL(AR) are the left (right) chiral amplitudes

A
(1)
L = (−1)θ

emµ cos γ2

2MW sin θW cos β
, (12)

A
(1)
R = − e√

2 sin θW
cos γ1,

A
(2)
L = − emµ sin γ2

2MW sin θW cosβ
, (13)

A
(2)
R = − e√

2 sin θW
sin γ1,

where θ = 0 (1) if the light chargino eigenvalue λ1

is positive (negative), and γ1,2 are mixing angles. We
wish to point out that the most dominant contribution
to aSUSY

µ comes from the chirality nondiagonal lighter

chargino part of aW̃
µ . First, we note that, for the most

contributing term in the chargino part, the coupling
is proportional to 1/ cos β(∼ tan β) and thus aµ in-
creases almost linearly with tan β [23, 24]; second,
due to the same dominant term, the sign of aSUSY

µ is
correlated strongly with the sign of µ (we use here
the µ-sign convention of [25]). It is easy to exhibit
this by considering the eigenvalues λi (i = 1, 2) of
the chargino mass matrix (where we define λ1 as
the eigenvalue corresponding to the lighter chargino)
λ1 < 0 for µ > 0 and λ1 > 0 for µ < 0 except for
tan β ∼ 1, which leads to [23, 24] aSUSY

µ > 0, µ > 0
and aSUSY

µ < 0, µ < 0.
PHYSICS OF ATOMIC NUCLEI Vol. 65 No. 12 20
3. IMPLICATIONS OF PRECISE BNL DATA

In the following analysis, we assume CP conser-
vation. Under this constraint and setting aSUSY

µ =
a

exp
µ − aSM

µ , we immediately find that the BNL data
determines [26–29] sgn(µ) = +1. In imposing the
BNL constraint, we use a 2σ corridor

10.6 × 10−10 < aSUSY
µ < 76.2 × 10−10. (14)

We utilize (14) in determining the allowed param-
eter space of mSUGRA using the one-loop formula
for which the chargino part is given by (11) [22]. (The
leading-order correction to one loop as computed
in [30] gives a fractional contribution of
−(4α/π) ln(MS/mµ), where MS is an average spar-
ticle mass. This is typically less than 10% and is
ignored in the analysis here.) In Fig. 1, we give an
analysis of this constraint in the m0–m1/2 plane for
the case of tan β = 10. One finds that there is now an
upper limit onm0 andm1/2. Interestingly, we find that
the allowed region of the parameter space which is
below the aSUSY

µ = δasmall
µ = 10.6× 10−10 line allows

for a light Higgs consistent with the lower limit of
about 115 GeV as given by the possible signal at
LEP [31]. The white region close to the m1/2 axis in
Fig. 1 is excluded for stau turning to be the LSP. The
left-side white region near the m0 axis is excluded by
the constraints from the chargino mass lower limit or
radiative electroweak symmetry breaking.

Next, we discuss the case of a large tan β, i.e.,
tan β = 55. This is the largest tan β before one gets
into a nonperturbative domain for most of the param-
eter space. The results of the analysis on the allowed
parameter space in the m0–m1/2 plane are given in
Fig. 2 consistent with the constraints of (14). One
finds that in this case there is both a lower limit and
an upper limit and the allowed parameter space is the
shaded area contained between the lines. The white
region near the m0 axis for larger m0 and smaller
m1/2 values is excluded because of the chargino mass
lower limit or the radiative electroweak-symmetry-
breaking constraints. The white region near the m1/2

axis having smaller m0 values is excluded via the
tachyonic stau constraint, and the region just above
this, corresponding to moderately large m0 values,
is excluded because of the CP-odd Higgs boson
turning tachyonic at the tree level, which is a large
tan β effect. Again, the Higgs signal corresponding
to the LEP lower limit is indicated by the solid nearly
vertical line and is seen to lie in the allowed region of
the parameter space.

A full analysis was carried out also including val-
ues of tan β = 5, 30 and 45 in [26]. We discuss the
results of the full analysis from the point of view of
02
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Fig. 1. Upper limit in the m0–m1/2 plane implied by
the BNL g − 2 constraint for tan β = 10 indicated by the
line aSUSY

µ = δasmall
µ = 10.6 × 10−10. The allowed region

in the parameter consistentwith the constraint of (14) lies
below this line. The 115-GeV Higgs signal [31] is also
indicated (from [26]).

sparticle spectra. In Fig. 3, the upper limits in the
sneutrino–light chargino plane are given for tan β =
5 and 10. A similar analysis is given for tan β = 30,
45, and 55 in Fig. 4. From Figs. 3 and 4, one finds, as
expected, that there are strong correlations between
the upper limits and tan β. Using the entire data set
in Figs. 3 and 4, one finds

mχ̃±
1
≤ 650 GeV, mν̃µ ≤ 1.5 TeV (tan β ≤ 55).

(15)

The corresponding limits in the m0–m1/2 plane are

m1/2 ≤ 800 GeV, m0 ≤ 1.5 TeV (tan β ≤ 55).
(16)

The upper limits that arise in mSUGRA from the
analysis of [26] are consistent with the fine-tuning
criteria (see, e.g., [32]) and are very encouraging from
the point of view of discovery of superparticles at
colliders. Thus, the LHC can discover squarks and
gluinos up to 2 TeV [33, 34]. This means that es-
sentially all of the squark and gluino mass spectrum
allowed within mSUGRA by the Brookhaven g − 2
constraint will become visible at the LHC [26, 34]. A
comparison of the upper limits in the m0–m1/2 plane
allowed by the g − 2 constraint versus the discovery
potential of the LHC is given in the work of Baer et al.
[34], and we reproduce one of the figures from that
analysis here (Fig. 5).

Many further investigations of the implications
of the BNL result have been carried out over the
recent months [35–39] exploring the effects of the
PH
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Fig. 2. Upper and lower limits in the m0–m1/2 plane
implied by the BNL g − 2 constraint for tan β = 55

indicated by lines aSUSY
µ = δasmall

µ = 10.6 × 10−10 and

aSUSY
µ = δalarge

µ = 76.2 × 10−10. The allowed region in
the parameter consistent with the constraint of (14) lies
between the lines. The 115-GeV Higgs signal is also
indicated (from [26]).

g − 2 constraint on a variety of low-energy phenom-
ena such as on b → s + γ, dark matter, lepton-flavor
violation, trileptonic signal [40], and on other low-
energy SUSY signals. We briefly discuss two of these:
b → s + γ and dark matter. Regarding b → s + γ, the
Standard Model branching ratio for this process is
estimated to be [41] B(b → s + γ) = (3.29 ± 0.33) ×
10−4. A recent experiment gives [42] B(b → s+ γ) =
(3.15± 0.35± 0.32± 0.26)× 10−4, where the first er-
ror is statistical and there are two types of systematic
errors. Now, it is well known that the imposition of
the b → s + γ constraint puts severe limits on the
mSUGRA parameter space when µ < 0, eliminating
most of the parameter space in this case [43, 44].
Thus, had the sign of µ from the BNL experiment
turned out to be negative it would have eliminated
most of the parameter space of the minimal model.
On the other hand, for the µ > 0 case, one finds that
the constraint b → s + γ is much less severe. Thus,
most of the parameter space of mSUGRA in this
case, at least for small and moderately large values of
tan β, is left unconstrained. For large values of tan β
nearing 50, the b → s + γ constraint does become
more stringent, but a significant part of the param-
eter space is still allowed [37]. However, it has been
emphasized in [39] that B(b → s + γ) is not a pure
observable and requires hard cuts for its extraction
experimentally. This provides a note of caution on
imposing theB(b → s+ γ) constraint too stringently.

A closely related phenomenon that is sensitive
to the sign of µ is the analysis of dark matter. It
YSICS OF ATOMIC NUCLEI Vol. 65 No. 12 2002



MUON g-2 AND IMPLICATIONS 2105

 

400

800

0

 

a

 

SUSY

 

µ

 

 = 

 

δ

 

a

 

small

 

µ

 

300 500100

 

m

 

χ

 

1
±

 

, GeV

 
m

 

ν

 

µ

 
~

 
, GeV

 

µ >

 

 0, 

 

A

 

0

 

 = 0

tan

 

β

 

 = 5

tan

 

β

 

 = 10

 

~

Fig. 3. Upper limits in the mν̃µ–m
χ̃±
1

plane implied

by the BNL g − 2 constraint for tanβ = 5 and 10 are
indicated by the lines aSUSY

µ = δasmall
µ = 10.6 × 10−10.

The allowed region in the parameter consistent with the
constraint of (14) lies below the lines (from [26]).

was shown in the early days when the first mea-
surement of b → s + γ was made that the b → s + γ
branching ratio has a strong correlation with the neu-
tralino–proton cross sections in the direct detection
of dark matter [43] in regard to the sign of µ. This
happens due to the fact that the neutralino–proton
cross sections are smaller for the case of µ < 0 than
for the case of µ > 0. Additionally, with the b → s + γ
constraint, which eliminates most of the parameter
space for µ < 0, one finds that the neutralino–proton
cross sections are very small for the available region
of parameters for this sign of µ. Consequently, di-
rect detection of neutralino dark matter is strongly
disfavored for µ < 0 as opposed to what one finds
for µ > 0. Thus, the fact that the BNL experiment
determines the µ sign to be positive is indeed good
news for the direct detection of dark matter [26, 29,
37, 38].

We now turn to a brief discussion of models other
than mSUGRA. One such model is AMSB. The
details of this model and procedure for its implemen-
tation can be found in [45]. The analysis for this case is
given in [26], where the upper limits in the sneutrino–
chargino plane corresponding to three values of tan β,
i.e., tan β = 10, 30, and 40 (the maximum allowed),
were analyzed, which produced upper limits of mν̃µ ≤
1.1 TeV and mχ±

1
≤ 300 GeV. These limits are lower

than those of (15). Further, for µ > 0, one finds that
the constraint from b → s + γ in this case excludes a
significant amount of parameter space when the BNL
g − 2 constraint is imposed [28]. Further, analyses
within the framework of the unconstrained super-
symmetric standard model and analyses within more
general scenarios and their implications for colliders
are given in [36, 46].

One possibility that must be discussed along with
supersymmetry is that of contributions from extra
PHYSICS OF ATOMIC NUCLEI Vol. 65 No. 12 20
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Fig. 5. A plot of the m0 vs. m1/2 parameter space in
the mSUGRA model for µ > 0 and (a) A0 = −2m0 and
tan β = 3, (b) A0 = 0 and tan β = 10, and (c) A0 =
0 and tan β = 35. The 2σ region favored by the E821
measurement is shaded with dots. The region below the
solid contour has mh < 113.5 GeV. The region below
the dashed contour is accessible to Tevatron searches
with 25 fb−1 of integrated luminosity, while the region
below the dash-dotted contour is accessible via LHC
sparticle searches with 10 fb−1 of integrated luminosity
(from [34]).

spacetime dimensions to g − 2. In [47], a class of
realistic models with extra spacetime dimensions was
considered (for reviews see [48]). It was shown that,
for the case of one extra dimension compactified on
S1/Z2 with matter and Higgs fields residing on the
02
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orbifolds and the gauge fields propagating in the bulk,
the massless spectrum of the model coincides with
the massless spectrum of MSSM. The Kaluza–Klein
modes for W contribute to the Fermi constant, and
the current good agreement between the Standard
Model determination ofGF and its experimental value
leaves only a small error corridor in which the contri-
butions from extra dimensions can reside. This con-
straint leads to a lower limit of about 3 TeV on the in-
verse compactified dimension and severely constrains
the contribution of extra dimensions to the muon
anomalous magnetic moment. One finds that, for
the case of one extra dimension, the contribution of
Kaluza–Klein states is smaller than the supersym-
metric contribution by more than two orders of mag-
nitude. For the case of more than one extra dimension,
the contribution to aµ is larger than for the case of
one extra dimension but still significantly smaller than
the one arising from supersymmetry. Thus, we con-
clude that models with extra dimensions of the type
considered in [47] do not create a strong background
relative to the supersymmetric effects (see, however,
the analysis of [49]).

4. CONCLUSIONS

In this review, we have given a brief summary
of the developments on the analyses of the muon
anomaly. Implications of the difference a

exp
µ − aSM

µ

seen at BNL for supersymmetric models and specif-
ically for mSUGRA were explored. An effect of the
size seen at Brookhaven for a

exp
µ − aSM

µ was already
predicted within the SUGRA model in 1984, where it
was found that the supersymmetric correction could
be as large as or larger than the Standard Model
electroweak correction [22]. Furthermore, we have
also explored the implications of the BNL result for
the direct detection of supersymmetry at accelerators
and in dark matter searches. Thus, a detailed analysis
within mSUGRA of the BNL result using a 2σ error
corridor on the difference a

exp
µ − aSM

µ leads to upper
limits on sparticle masses that all lie below 2 TeV.
Since the LHC can discover squarks and the gluino
up to 2 TeV, most if not all of the sparticles should
become visible at the LHC. Further, it was pointed
out that the BNL data determine the sign of µ to
be positive within the minimal model, which is very
encouraging for direct dark matter searches. It was
also pointed out that there is little chance of con-
fusing the supersymmetric contribution to aµ with
effects from extra dimensions. This is so at least in
models where the Standard Model is obtained by a
direct compactification of a five dimensional model on
S1/Z2 which gives a contribution to aµ from Kaluza–
Klein excitations significantly smaller than a typical
PH
supersymmetric contribution. The BNL data also im-
poses impressive constraints on CP phases. It was
shown in [50] that the BNL constraint eliminates up
to 60–90% of the parameter space in the θµ and ξ2

(phase of m̃2) plane. In the presence of phases, the
relationship between the sign of aSUSY

µ and the phase
of µ may also be modified.

There is a significant amount of data from the run
of 2000 that could be analyzed in the near future,
and BNL eventually hopes to measure aµ to an ac-
curacy of 4 × 10−10. Analyses including data from
Beijing [51] and from Novosibirsk [52], and additional
τ data from CLEO [53] should delineate the hadronic
error more reliably. Further, if the deviation between
theory and experiment persists at the current level
after the analysis of the new data currently underway
is carried out, and also if the error corridor shrinks,
then a signal for new physics will be undeniable.
Such a signal interpreted as arising from supersym-
metry then has dramatic new predictions for the direct
observation of sparticles at accelerators. Further, if
supersymmetry is the right explanation for such an
effect, and there is a great bulk of theoretical rea-
soning in justification of this expectation, then the
search for a fundamental Higgs boson becomes all
the more urgent. Thus, the Brookhaven g − 2 result
further heightens the expectation for the observation
of a light supersymmetric Higgs boson at RUN II
of the Tevatron. Finally, we point out that the BNL
constraint, specifically the positivity of µ for a class
of models, has an important implication for Yukawa
unification in grand unified models [54] and this area
is likely to be explored further in the future.
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Abstract—The generic supersymmetric standard model is a model built from a supersymmetrized standard
model field spectrum and the gauge symmetries only. The popular minimal supersymmetric standard model
differs from the generic version in having R parity imposed by hand. We review an efficient formulation of
the model and some of the recently obtained interesting phenomenological features, focusing on one-loop
contributions to fermion electric dipole moments. c© 2002 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

Fermion electric dipole moments (EDMs) are
known to be extremely useful constraints on (the
CP-violating part of) models depicting interesting
scenarios beyond Standard Model (SM) physics. In
particular, the experimental bounds on neutron EDM
(dn) and electron EDM (de) are very stringent. The
current numbers are given by dn < 6.3 × 10−26e cm
and de < 4.3× 10−27e cm. The SM contributions are
known to be very small (dn ∼ 10−32e cm and de ∼
8 × 10−41e cm), given that the only source of CP
violation has to come from the phase in (charged
current) quark flavor mixings.
Extensions of the SM normally are expected to

have potentially large EDM contributions. For in-
stance, for the Minimal Supersymmetric Standard
Model (MSSM), there are a few sources of such new
contributions. For example, they can come in through
LR sfermion mixings. The latter have two parts, an
A-term contribution as well as a F-term contribu-
tion. The F term is a result of the complex phase
in the so-called µ term. The resulting constraints on
MSSM have been studied extensively. We are inter-
ested here in the modified version with R parity not
imposed. We will illustrate that there are extra contri-
butions at the same level and will discuss the class of
important constraints resulting from them [1–6].

2. THE GENERIC SUPERSYMMETRIC
STANDARD MODEL

A theory built with the minimal superfield spec-
trum incorporating the SM particles and the ad-
missible renormalizable interactions dictated by the

∗This article was submitted by the author in English.
**e-mail: kongcw@phys.sinica.edu.tw
1063-7788/02/6512-2109$22.00 c©
SM (gauge) symmetries together with the idea that
supersymmetry (SUSY) is softly broken is what
should be called the generic supersymmetric standard
model (GSSM). The popular MSSM differs from
the generic version in having a discrete symmetry,
called R parity, imposed by hand to enforce baryon
and lepton number conservation. With the strong ex-
perimental hints at the existence of lepton-number-
violating neutrino masses, such a theory of SUSY
without R parity deserves ever more attention. The
GSSM contains all kinds of (so-called) R-parity-
violating (RPV) parameters. These include the more
popular trilinear (λijk, λ′ijk, and λ

′′
ijk) and bilinear

(µi) couplings in the superpotential, as well as soft
SUSY breaking parameters of the trilinear, bilinear,
and soft mass (mixing) types. In order not to miss
any plausible RPV phenomenological features, it is
important that all of the RPV parameters be taken
into consideration without a priori bias. We do,
however, expect some sort of symmetry principle
to guard against the very dangerous proton decay
problem. The emphasis is hence put on the lepton-
number-violating phenomenology. The renormaliz-
able superpotential for the GSSM can be written as

W = εab

[
µαĤ

a
uL̂

b
α + huikQ̂

a
i Ĥ

b
uÛ

c
k (1)

+ λ′αjkL̂
a
αQ̂

b
jD̂

c
k+

1
2
λαβkL̂

a
αL̂

b
βÊ

c
k

]
+

1
2
λ′′ijkÛ

c
i D̂

c
jD̂

c
k,

where (a, b) are SU(2) indices, (i, j, k) are the usual
family (flavor) indices, and (α, β) are extended fla-
vor indices going from 0 to 3. At the limit where
λijk, λ

′
ijk, λ

′′
ijk, and µi all vanish, one recovers the

expression for the R-parity preserving MSSM, with
L̂0 identified as Ĥd. Without R parity imposed, the
2002 MAIK “Nauka/Interperiodica”
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latter is not a priori distinguishable from L̂i. Note that
λ is antisymmetric in the first two indices, as required
by the SU(2) product rules, as shown explicitly here
with ε12 = −ε21 = 1. Similarly, λ′′ is antisymmetric
in the last two indices, from SU(3)c.

R parity is exactly an ad hoc symmetry put in to
make L̂0 stand out from the other L̂i as the candidate
for Ĥd. It is defined in terms of baryon number, lepton
number, and spin as, explicitly, R = (−1)3B+L+2S .
The consequence is that the random symmetries of
baryon number and lepton number in the SM are
preserved, at the expense of making particles and su-
perparticles having a categorically different quantum
number, R parity. The latter is actually not the most
effective discrete symmetry to control superparticle-
mediated proton decay [7], but is most restrictive in
terms of what is admitted in the Lagrangian or the
superpotential alone. On the other hand, R parity
also forbids neutrino masses in the supersymmet-
ric SM. The strong experimental hints for the exis-
tence of (Majorana) neutrino masses [8] is an indica-
tion of lepton-number violation, hence suggestive of
R-parity violation.

The soft SUSY-breaking part of the Lagrangian
is more interesting, if only for the fact that many of
its interesting details have been overlooked in the
literature. However, we will postpone the discussion
until after we address the parametrization issue.

3. PARAMETRIZATION

Doing phenomenological studies without spec-
ifying a choice of flavor bases is ambiguous. It
is like doing SM quark physics with 18 complex
Yukawa couplings, instead of the 10 real physical
parameters. As far as the SM itself is concerned,
the extra 26 real parameters are simply redundant,
and attempts to relate the full 36 parameters to
experimental data will be futile. In the GSSM,
the choice of an optimal parametrization mainly
concerns the 4L̂α flavors. We use here the single-
VEV parametrization [9, 10] (SVP), in which fla-
vor bases are chosen such that: (1) among the
L̂α, only L̂0 bears a VEV, i.e., 〈L̂i〉 ≡ 0; (2) hejk(≡
λ0jk) = (

√
2/v0)diag{m1,m2,m3}; (3) hdjk(≡ λ′0jk=

−λj0k)= (
√

2/v0)diag{md,ms,mb}; (4) huik =
(
√

2/vu)V T
CKMdiag{mu,mc,mt}, where v0 ≡

√
2〈L̂0〉

and vu ≡
√

2〈Ĥu〉. The big advantage of the SVP is
that it gives the complete tree-level mass matrices
of all the states (scalars and fermions) the simplest
structure [1, 10].
PH
4. LEPTONS IN GSSM

The SVP gives quark mass matrices exactly in
the SM form. For the masses of the color-singlet
fermions, all the RPV effects are parametrized by
µi only. For example, for the five charged fermions
(gaugino+Higgsino+ three charged leptons), we
have

Mc =




M2
g2v0√

2
0 0 0

g2vu√
2
µ0 µ1 µ2 µ3

0 0 m1 0 0

0 0 0 m2 0

0 0 0 0 m3



. (2)

Moreover, each µi parameter here directly charac-
terizes the RPV effect on the corresponding charged
lepton (li = e, µ, and τ ). This, as well as the corre-
sponding neutrino–neutralino masses and mixings,
has been exploited to implement a detailed study of
the tree-level RPV phenomenology from the gauge
interactions, with interesting results [9].
Neutrino masses and oscillations are no doubt one

of the most important aspects of the model. Here, it
is particularly important that the various RPV con-
tributions to neutrino masses, up to the one-loop
level, be studied in a framework that makes no as-
sumption on the other parameters. Our formulation
provides such a framework. Interested readers are
referred to [1, 11–14].

5. SOFT SUSY-BREAKING TERMS
AND THE SCALAR MASSES

Obtaining the squark and slepton masses is
straightforward once all the admissible soft SUSY-
breaking terms are explicitly written [1]. The soft
SUSY-breaking part of the Lagrangian can be writ-
ten as

Vsoft = εabBαH
a
uL̃

b
α + εab[AU

ijQ̃
a
iH

b
uŨ

c
j (3)

+AD
ijH

a
d Q̃

b
iD̃

c
j +AE

ijH
a
d L̃

b
i Ẽ

c
j ] + h.c.

+ εab

[
Aλ′

ijkL̃
a
i Q̃

b
jD̃

c
k +

1
2
Aλ

ijkL̃
a
i L̃

b
jẼ

c
k

]

+
1
2
Aλ′′

ijkŨ
c
i D̃

c
jD̃

c
k + h.c.+ Q̃†m̃2

QQ̃+ Ũ †m̃2
U Ũ

+ D̃†m̃2
DD̃ + L̃†m̃2

LL̃+ Ẽ†m̃2
EẼ + m̃2

Hu
|Hu|2

+
M1

2
B̃B̃ +

M2

2
W̃ W̃ +

M3

2
g̃g̃ + h.c.,

where we have separated the R-parity-conserving A
terms from the RPV ones (recall Ĥd ≡ L̂0). Note that
L̃†m̃2

LL̃, unlike the other soft mass terms, is given
YSICS OF ATOMIC NUCLEI Vol. 65 No. 12 2002
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by a 4 × 4 matrix. Explicitly, m̃2
L00

corresponds to
m̃2

Hd
of the MSSM case, while m̃2

L0k
give RPV mass

mixings.
The only RPV contribution to the squark masses

is given by a −(µ∗iλ
′
ijk)vu/

√
2 term in the LR mixing

part. Note that the term contains flavor-changing
(j �= k) parts which, unlike the A-terms ones, can-
not be suppressed through a flavor-blind SUSY-
breaking spectrum. Hence, it has very interesting
implications to quark EDMs and related processes
such as b→ sγ [2, 3, 15, 16].
The mass matrices are a bit more complicated in

the scalar sectors [1, 17]. The 1 + 4 + 3 charged scalar
masses are given in terms of the blocks

M̃2
Hu

= m̃2
Hu

+µ∗αµα+M2
Z cos 2β

[
1
2
− sin2 θW

]
(4)

+M2
Z sin2 β[1 − sin2 θW],

M̃2
LL = m̃2

L+m†
LmL+M2

Z cos 2β
[
−1

2
+ sin2 θW

]

+


M2

Z cos2 β[1 − sin2 θW ] 01×3

03×1 03×3


+ (µ∗αµβ),

M̃2
RR = m̃2

E +mEm
†
E +M2

Z cos 2β
[
1 − sin2 θW

]
;

M̃2
LH = (B∗

α)+


1

2
M2

Z sin 2β[1 − sin2 θW]

03×1


 , (5)
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M̃2
RH = −(µ∗i λi0k)

v0√
2
, (6)

(M̃2
RL)T =


 0

AE


 v0√

2
− (µ∗αλαβk)

vu√
2
. (7)

For the neutral scalars, we have explicitly

M2
S =


 M2

SS M2
SP

(M2
SP )T M2

PP


 , (8)

where the scalar, pseudoscalar, and mixing parts are
given by

M2
SS = Re(M2

φφ†) + M2
φφ, (9)

M2
PP = Re(M2

φφ†) −M2
φφ,

M2
SP = −Im(M2

φφ†),

respectively,1) with

M2
φφ =

1
2
M2

Z (10)

×




sin2 β − cos β sin β 01×3

− cos β sinβ cos2 β 01×3

03×1 03×1 03×3




and
M2
φφ† = M2

φφ +


m̃2

Hu
+ µ∗αµα − 1

2
M2

Z cos 2β −(Bα)

−(B∗
α) m̃2

L + (µ∗αµβ) +
1
2
M2

Z cos 2β


 . (11)
Note that m̃2
L here is a 4 × 4 matrix of soft masses

for Lα, and Bα are the corresponding bilinear soft
terms of µα.AE is just the 3× 3R-parity-conserving
leptonicA term. There is no contribution from the ad-
missible RPV A terms under the SVP. Also, we have
usedmL ≡ diag{0,mE} ≡ diag{0,m1,m2,m3}.

6. NEUTRON ELECTRIC DIPOLE MOMENT

Let us take a look first at the quark dipole op-
erator through one-loop diagrams with LR squark
mixing. A simple direct example is given by the gluino
diagram. In comparison with the MSSM case, the
extra (RPV) to the d-squark LR mixing in GSSM
obvious modified the story. If one naively imposes
the constraint for this RPV contribution itself not
to exceed the experimental bound on neutron EDM,
one gets roughly Im(µ∗iλ
′
i11) � 10−6 GeV, a con-

straint that is interesting even in comparison to the
bounds on the corresponding parameters obtainable
from asking no neutrino masses to exceed the Super-
Kamiokande atmospheric oscillation scale [2].

In fact, there are important contributions beyond
the gluino diagram and without LR squark mixings
involved. For theMSSM, it is well known that there is
such a contribution from the chargino diagram, which
is likely to be more important than the gluino one
when a unification-type gaugino mass relationship is
imposed. The question then is whether the GSSM
has a similar RPV analog. An RPV version of the
chargino diagram is given in Fig. 1. The diagram,

1)Note that the original expression given in [1] has a typo in the
M2

SP expression.
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Numerical one-loop neutron EDM results from SUSY without R parity for four illustrative cases (all EDM numbers are
in e cm)

Choice of parameters

m̃Q = 300GeV, m̃u = m̃d = 200GeV, A =M2 = 300GeV, µ0 = −300GeV
tanβ 3 3 3 50
µ3 [GeV] 1 × 10−3 1 1 5 × 10−3

λ′311 0.05 0.05 0.05 0.05
Parameters (complex phases) λ′311(π/4) λ′311(π/4) µ0(0.5◦), A(10◦) µ0(0.02◦), µ3(−π/4)

EDM Results

Couplings Fig. LRmixing Case A Case B Case C Case D
d-quark EDM

gluino loop:
αs 1 RPV 8.8 × 10−28 8.8 × 10−25 −3.9 × 10−26 −6.7 × 10−29

neutralino-like loop:
g2 1 RPV −1.9 × 10−29 −1.9 × 10−26 8.3 × 10−28 2.7 × 10−30

gyd 2 No ∼0 ∼0 −1.6 × 10−27 −1.2 × 10−27

gλ′i11 3 No −1.0 × 10−28 −1.0 × 10−25 1.1 × 10−27 1.1 × 10−27

y2d 4 RPV 9.7 × 10−37 9.7 × 10−34 −3.9 × 10−35 −2.6 × 10−33

ydλ
′
ijk 4 Yes −1.7 × 10−36 −1.7 × 10−33 8.5 × 10−35 2.5 × 10−33

two λ′ijk 4 Yes −2.1 × 10−39 −3.4 × 10−34 9.0 × 10−35 −8.6 × 10−37

chargino-like loop:
gyd 5 No ∼0 0 2.5 × 10−26 1.7 × 10−26

gλ′i11 6 No 2.1 × 10−27 2.1 × 10−24 −1.3 × 10−26 −1.7 × 10−26

yuyd 7 Yes ∼0 0 −2.7 × 10−34 −8.0 × 10−36

yuλ
′
ijk 7 Yes −2.1 × 10−37 −2.1 × 10−33 3.8 × 10−34 8.3 × 10−36

u-quark EDM
gluino loop:
αs 1 Yes 0 0 4.5 × 10−26 −1.8 × 10−30

neutralino-like loop:
g2 1 Yes ∼0 0 2.6 × 10−27 −1.4 × 10−31

gyu 2 No ∼0 0 2.1 × 10−28 5.3 × 10−31

y2u 4 Yes ∼0 0 1.3 × 10−37 4.0 × 10−41

chargino-like loop:
gyu 5 No ∼0 ∼0 −1.3 × 10−27 −3.2 × 10−30

yuyd 7 RPV −7.6 × 10−36 −7.6 × 10−33 3.2 × 10−34 6.4 × 10−34

yuλ
′
ijk 7 RPV 9.7 × 10−36 9.7 × 10−33 −5.1 × 10−34 −6.4 × 10−34

Neutron EDM
from gluino loop 1.8 × 10−27 1.8 × 10−24 −1.0 × 10−25 −1.4 × 10−28

from chargino-like loop 4.3 × 10−27 4.3 × 10−24 2.5 × 10−26 2.4 × 10−28

from neutralino-like loop −2.9 × 10−28 −2.9 × 10−25 −8.6 × 10−28 −2.0 × 10−29

total 5.8 × 10−27 5.8 × 10−24 −7.8 × 10−26 8.0 × 10−29

Note: The quark EDM numbers are direct output from the numerical program applying our quark dipole formulas, while the neutron
EDM numbers are from the valence quark model formula. R-parity-violating parameters not given are taken as essentially zero. All
parameters are taken to be real except those with complex phases explicitly listed in each case, where the real number(s) listed then
give the magnitude(s). ParameterA here means a commonAu andAd. OnlyM2 is shown for the gaugino masses; the others are fixed
by the unification relationship. Explicitly, we use M1 = 0.5M2 and M3 = 3.5M2. The first column under “EDM Results” gives the
couplings of the loop vertices involved. A g indicates either one of the electroweak gauge couplings, while a λ′ couplingmeans one with
the appropriate admissible flavor indices. In the explicit results of the four cases, the latter is always λ′

311. The second column gives
the reference Feynman diagram figures, when available. The third column indicates whether the particular contribution involves a LR
squark mixing. In the case that mixing is involved and anR-parity-violating one is involved in generating an RPV EDM contribution,
it is marked with “RPV”.
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Fig. 1. The new chargino-like diagram.

however, looks ambiguous. Looking at the diagram
in terms of the electroweak states involved under our
formulation, it seems like a l−k –W̃+ mass insertion is
required, which is, however, vanishing. However, an
extra mass insertion, with a µi flipping the l−k into a
h̃+
u , first seems to give a nonzero result. The structure
obviously indicates a GIM-like cancellation at work,
and we have to check its violation due to the lack of
mass degeneracy.
We have performed an extensive analytical and

numerical study, including the complete chargino-
like contributions, as well as the neutralino-like con-
tributions, to the neutron EDM [3]. The chargino-like
part is given by the following formula:(

df
e

)
χ−

=
αem

4π sin2 θW

∑
f̃ ′∓

5∑
n=1

Im(Cfn∓) (12)

×
Mχ−

n

M2
f̃ ′∓

[
Qf̃ ′B

(
M2

χ−
n

M2
f̃ ′∓

)
+(Qf −Qf̃ ′)A

(
M2

χ−
n

M2
f̃ ′∓

)]
,

for f being u (d) quark and f ′ being d (u), where

Cun− =
yu
g2
V ∗

2nDd11

(
−U1nD∗

d11 +
yd
g2
U2nD∗

d21 (13)

+
λ′k11

g2
U(k+2)nD∗

d21

)
,

Cun+ =
yu
g2
V ∗

2nDd12

(
−U1nD∗

d12 +
yd
g2
U2nD∗

d22

+
λ′k11

g2
U(k+2)nD∗

d22

)
,

Cdn− =
(
yd
g2
U2n +

λ′k11

g2
U(k+2)n

)
Du11

×
(
−V ∗

1nD∗
u11 +

yu
g2
V ∗

2nD∗
u21

)
,

Cdn+ =
(
yd
g2
U2n +

λ′k11

g2
U(k+2)n

)
Du12

×
(
−V ∗

1nD∗
u12 +

yu
g2
V ∗

2nD∗
u22

)
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Fig. 2. Logarithmic plot of (the magnitude of) the RPV
neutron EDM result for µ0 value between ±2000 GeV,
with the other parameters set at the same values as caseA
in the table. The lines marked by G, C, N , and “Total”
give the complete gluino, chargino-like, neutralino-like,
and total (i.e., sum of the three) contributions, respec-
tively. Note that the values of the N contributions and
those of the C line for µ0 < −900 GeV are negative.

(only repeated index i is to be summed). V †McU =
diag{Mχ−

n
} ≡ diag{Mc1,Mc2, me,mµ,mτ}, while

Du and Dd diagonalize the ũ and d̃ squark mass-
squared matrices, respectively; and

A(x) =
1

2(1 − x)2

(
3 − x+

2 lnx
1 − x

)
, (14)

B(x) =
1

2(x− 1)2

[
1 + x+

2x lnx
(1 − x)

]
.

To extract the contribution from the diagram of
Fig. 1, we have to look at the pieces in Cdn∓ with a
V ∗

1n and a U(k+2)n. It is easy to see that the n = 1
and 2 mass eigenstates, namely, the chargino states,
do give the dominating contribution. With the small
µi mixings strongly favored by the sub-eV neutrino
masses, we have

U(k+2)1 =
µ∗k
Mc1

RR21 , U(k+2)2 =
µ∗k
Mc2

RR22 , (15)

where the RR denotes the right-handed rotation that
would diagonalize the first 2× 2 block ofMc. The lat-
ter rotation matrix is expected to have elements of or-
der 1. Hence, we have the dominating result propor-
tional to

∑
n=1,2R

∗
R12
RR2nµ

∗
kλ

′
k11FBA(M2

cn
), where

FBA denotes the mass-eigenvalue-dependent part.
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tively, for the MSSM line. They are zero for the RPV-
only line, with which we have a phase of π/4 for λ′

311. All
the given nonzero values are used for the three phases for
the generic result (from our complete formulas) marked
by GSSM. Again, the other unspecified input parameters
are the same as for case A of the table.

The result agrees with what we have said above. It
vanishes forMc1 =Mc2, showing a GIM-like mech-
anism. However, with unequal chargino masses, our
numerical results indicate that the cancellation is
generically badly violated. More interestingly, it can
be seen from the above analysis that a complex phase
in µ∗kλ

′
k11 is actually not necessary for this potentially

dominating chargino contribution to be there, as long
as complex CP-violating phases exist in the RR ma-
trix, i.e., in the R-parity-conserving parameters such
as µ0.

Some illustrative sets of our numerical results are
presented in the table. In Fig. 2, we illustrate a com-
parison of the gluino, chargino-like, and neutralino-
like contributions for a range of µ0 values. Figure 3
gives the variation against the tan β value, while
comparing the overall GSSM result with the MSSM
result. On the whole, the magnitude of the parameter
combination µ∗iλ

′
i11 is shown to be responsible for the

RPV one-loop contribution to neutron EDM and is
hence well constrained. This applies not only to the
complex phase, or imaginary part of, the combination.
PH
7. EDMs OF THE ELECTRON AND OTHER
FERMIONS

The above quark EDM formula obviously applies
with some trivial modifications to the cases of the
other quarks. For leptons, while the exact formulas
would be different, there are major basic features
that are more or less the same. For instance, for the
charged lepton, the λ couplings play the role of the
λ′ couplings. The µ∗iλi11 combination contributes to
electron EDM, while the µ∗i λi22 combination con-
tributes to that of the muon. As we have no explicit
numerical results to show at the moment, we refrain
from showing any details here.
There is in fact a second class of one-loop dia-

grams contributing to the quark EDMs. These are di-
agrams with quarks and scalars in the loop, and hence
superpartners of the chargino-like and neutralino-
like diagrams discussed above. The basic formulas
are also given in [3]. TheR-parity-conserving analog
of the class of diagrams has no significance due to the
unavoidable small Yukawa couplings involved. With
the latter replaced by flavor-changing λ′ couplings,
we can have a t-quark loop contributing to neutron
EDM, for example. For the case of charged leptons,
the two classes of superpartner diagrams merge into
one. But then, all scalars have to be included. The
assumption hidden in our quark EDM formula above
that only the (two) superpartner sfermions have a
significant role to play, does not stand anymore. We
have finished a µ→ eγ study, fromwhich the charged
lepton EDM formula could be extracted without too
much effort [17]. Interested readers may check the
reference to get an idea or just tune in for our future
publications [18].

REFERENCES
1. O. C. W. Kong, JHEP 0009, 037 (2000).
2. Y.-Y. Keum and O. C. W. Kong, Phys. Rev. Lett. 86,
393 (2001).

3. Y.-Y. Keum and O. C. W. Kong, Phys. Rev. D 63,
113012 (2001).

4. O. C. W. Kong, in Proceedings of the 30th In-
ternational Conference on High Energy Physics
(ICHEP2000), Ed. by C. S. Lim and T. Yamanaka
(World Sci., Singapore, 2001), Vol. II, p. 1048.

5. O. C.W. Kong, Nucl. Phys. B (Proc. Suppl.) 101, 421
(2001).

6. O. C. W. Kong, hep-ph/0104276.
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Abstract—The LEP experiments completed data taking in November 2000. New preliminary combined
results of the four LEP experiments ALEPH, DELPHI, L3, and OPAL are presented for various Higgs
boson searches. c© 2002 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

After 11 years of operation, the LEP experiments
have completed data taking. In 2000, the center-
of-mass energy was pushed to 209 GeV with most
data taken around 206 GeV. In the last three years
of operation, a luminosity of about 687 pb−1 was
delivered to each experiment, which exceeded expec-
tations. Despite hints for a Higgs boson discovery
around 116 GeV, data-taking was not continued in
2001.

2. STANDARD MODEL HIGGS BOSON

In September 2000, ALEPH presented a data
excess consistent with the reaction e+e− → HZ →
bb̄qq̄ for a Higgs boson mass of about 115 GeV [1],
which was not confirmed by the other LEP experi-
ments. In November 2000, L3 provided support for
a signal observation with a HZ → bb̄νν̄ candidate
event at the same mass. For the summer conferences
in 2001, all experiments updated their analyses, and
the probability of the data being consistent with the
Standard Model (SM) background is increased, as
detailed in Table 1 [2]. The confidence levels CLb for a
signal observation andCLs for settingmass limits are
shown in Fig. 1. The resulting SMHiggs bosonmass
limit is 114.1 GeV at 95% C.L. The reconstructed
mass distribution and a list of candidate events are
shown in Fig. 2. In extensions of the SM, the HZZ
coupling might be weaker and thus the production
cross section is reduced. Figure 3 shows limits on the
reduction factor at 95% C.L. Even if the SM cross
section is reduced by a factor of 3, a Higgs boson
mass up to 110 GeV is excluded.

∗This article was submitted by the author in English.
**e-mail: andre.sopczak@cern.ch
1063-7788/02/6512-2116$22.00 c©
3. MSSM BENCHMARK RESULTS

The minimal supersymmetric extension of the
Standard Model (MSSM) is the most attractive
alternative to the SM. The e+e− → hA and e+e− →
hZ production cross sections are complementary.
The LEP experiments have searched for the reactions
e+e− → hA→ bb̄bb̄ and bb̄τ+τ−. Confidence levels
CLb and CLs are given in Fig. 4 for the so-called
benchmark results in the MSSM for large mixing in
the scalar-top sector (mh-max) [5].

4. A GENERAL MSSM PARAMETER SCAN

Important reductions of the mass limits compared
to benchmark results were reported for LEP1 and
first LEP2 data [6, 7]. With increasing statistics,
the reduction was only a few GeV by including the
189-GeV data of one LEP experiment (DELPHI)
[8], and similar for OPAL [9]. Figure 5 shows new
results from a MSSM parameter scan for complete
DELPHI data up to 209 GeV, leading to mass limits
of 89 GeV on both scalar and pseudoscalar neu-
tral Higgs bosons [10]. These are almost identical to
the DELPHI benchmark limits [11]. Figure 5 (lower
right) shows the importance of searches for invisible
Higgs bosons [12] which could decay into neutralinos
for some parameter combinations of the scan (outside
of the benchmark).

Limits on the e+e− → hA→ bb̄bb̄ and bb̄τ+τ−

production rates are given in Fig. 6 [5] for the example
of mh ≈ mA. As noted previously for 202-GeV data,
taken in 1999, and first 2000 data, h and A mass
limits were 2 GeV below expectation [13] and this
tendency is enhanced by including 209-GeV data, in
which case they are 3.1 to 3.6 GeV below the ex-
pectations of about 95 GeV. A possible explanation is
given that theHZ excess at about 115 GeV is due to
the heavier scalar and that, in addition, the production
of hA with masses between 90 and 100 GeV occurs
[13]. Figure 6 shows a data excess above 2σ formh +
2002 MAIK “Nauka/Interperiodica”
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Table 1. Background probabilities 1 −CLb at a Higgs boson test mass ofmH = 115GeV, for the individual experiments
and for the LEP data combined

ALEPH DELPHI L3 OPAL LEP Signi-
ficance (σ)

Sep. 5, 2000 1.6 × 10−4 0.67 0.84 0.47 2.5 × 10−2 2.2

Nov. 3, 2000 6.5 × 10−4 0.68 6.8 × 10−2 0.19 4.2 × 10−3 2.9

Summer 2001 2.6 × 10−3 0.77 0.32 0.20 3.4 × 10−2 2.1

Note: The results presented at the LEPC of September 5 were revised for the LEPC of November 3. The revised values are listed.

Table 2. Left: Observed and expected Higgs boson mass limits from complete LEP data in various models. Right:
Benchmark (b) and scan (s) mass limits in the MSSM (all limits are in GeV at 95% C.L.)

Model Obs. Exp.
√
s (GeV) Data mb

h mb
A ms

h ms
A

SM 114.1 115.6 91 [21, 6] L3 41.0 none 25 none

MSSM (mh) 91.0 94.6 172 [22, 7] DELPHI 59.5 51.0 30 none

MSSM (mA) 91.9 95.0 183 [23, 24] DELPHI 74.4 75.2 67 75

H+H− 78.6 78.8 189 25, 8] DELPHI 82.6 84.1 75 78

Invisible 114.3 113.6 189 [9] OPAL 74.8 76.5 72 76

Flavor-independent 112.9 113.0 202 [26] DELPHI 85.9 86.5 85 86

Fermiophobic 108.2 109.0 202 [27, 4] LEP 88.3 88.4 86 87

209 [11, 10] DELPHI 89.6 90.7 89 89
mA = 187 GeV in the bb̄bb̄ channel. The same data
excess is also expressed in theCLb andCLs distribu-
tions as shown in Fig. 7. The hypothesis of the pro-
duction of three MSSM Higgs bosons is supported
by the data excess seen in Fig. 2 at 100 GeV, which
could result from hZ production in addition to HZ
production. For the reported MSSM parameters [13],

cos2(β−α) ≈ 0.9; therefore, sin2(β −α) = ξ2 ≈ 0.1.
The ξ2 limit in the 100-GeV mass region shows a
deviation of about 2σ between expected and observed
limit, as seen in Fig. 3 (left). Figure 3 (right) shows
that this new support is only observed in the complete
LEP data.
PHYSICS OF ATOMIC NUCLEI Vol. 65 No. 12 20
5. CHARGED HIGGS BOSONS

The search for charged Higgs bosons is performed
in the framework of the general extension of the SM
with two Higgs boson doublets. The combined CLb

distributions from the four LEP experiments for the
reactions e+e− → H+H− → cs̄c̄s and τ+ντ−ν̄ are
presented in Fig. 8 [14]. The resulting mass limit,
which also includes the csτν channel, is 78.6 GeV
at 95% C.L., and it is valid for any branching ra-
tio BR(H+ → τ+ν) as shown in Fig. 9. The cross-
section limit for the cs̄c̄s channel shows that the
barrier from irreducible WW background events is
almost passed. Optimization of the analyses of each
individual experiment for higher masses could in-
crease the decay-mode-independent reach by more
02
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Fig. 2. (Left) Distribution of the reconstructed SM Higgs boson mass in searches conducted at energies between 200 and
210 GeV. The figure displays the data (dots with error bars), the predicted SM background, and the prediction for a Higgs
boson of 115-GeVmass. The number of data events selected with mass larger than 109 GeV is 4, while 1.25 are expected from
SMbackground processes and 1.89 from a 115-GeV signal. (Right) Properties of the candidates with the highest signal-over-
background ratio ln(1 + s/b) at 115 GeV. The corresponding expected signal and background rates are 8.8 and 16.5 events,
respectively.
than 5 GeV. Already a pre-LEP2 study [17] based

on a luminosity of 500 pb−1 pointed out that “the

kinematic region abovemW will be a challenge for the

decay-mode-independent sensitivity; it might even be

unfeasible.”
PH
6. INVISIBLE HIGGS BOSON DECAYS
In some models, the Higgs boson can decay into

invisible particles, such as neutralinos or majorons.
The search for these Higgs bosons is performed in the
Higgs bremsstrahlung process in association with a
Z boson. All hadronic and charged leptonic Z decays
are investigated [18]. The CLs distribution and the
YSICS OF ATOMIC NUCLEI Vol. 65 No. 12 2002
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cross-section limit are given in Fig. 10. The mass
limit is 114.4 GeV.

7. FLAVOR-INDEPENDENT HIGGS BOSON
DECAYS

While in the SM the Higgs boson decays pre-
dominantly into b quarks, in many extensions such
as the general two Higgs doublet model, the b-
quark coupling could be suppressed. Therefore, the
search for Higgs boson bremsstrahlung in the four-
jet, two-jet and two-lepton, and two-jet and missing-
energy channels is generalized for flavor-independent
hadronic Higgs boson decays [19]. Stringent limits
are given in Fig. 11. The expected limit is only
PHYSICS OF ATOMIC NUCLEI Vol. 65 No. 12 2
2.6 GeV below the SM limit, which is remarkable
since b tagging is a very important search tool.

8. PHOTONIC HIGGS BOSON DECAYS

It is possible that the Higgs boson does not decay
into fermions. In this case the decays into γγ, WW ,
and ZZ are dominant. As a fermiophobic benchmark
model, the production and decays of the SM Higgs
boson are assumed and all couplings to fermions are
set to zero [20]. Figure 12 shows the expected Higgs
boson branching fractions and the mass limits from
the search by all LEP experiments in the h→ γγ
channel.
002
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9. CONCLUSIONS

The combination of the complete data from the
four LEP experiments resulted in a large increase for
the sensitivity of Higgs bosons. The data shows a
preference for a SM Higgs boson of 115.6 GeV. Fur-
ther small data excesses for Higgs boson pair produc-
tion and bremsstrahlung between 90 and 100 GeV
allow the hypothesis that h, A, and H of the MSSM
PH
all have masses between 90 and 116 GeV. Previ-
ously reported MSSM parameter combinations from
a general scan are supported by the complete data set.
The data is also consistent with the background-only
hypothesis which results in stringent mass limits for
the SMHiggs boson, the neutral Higgs bosons of the
MSSM, charged Higgs bosons, invisible Higgs bo-
son decays, flavor-independent hadronic Higgs bo-
YSICS OF ATOMIC NUCLEI Vol. 65 No. 12 2002
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son decays, and fermiophobic Higgs boson decays.
Table 2 summarizes these limits and, in addition,
compares benchmark and scan limits in the MSSM.
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Abstract—A global analysis of solar (including the recent SNO result), atmospheric, and reactor neutrino
data is presented in terms of three- and four-neutrino oscillations. We first present the allowed regions
of solar and atmospheric oscillation parameters assuming three-neutrino families, showing that in this
framework it is possible to reconcile the two anomalies and providing an unified fit of all the observables at
a time. Then, we consider scenarios where a sterile neutrino is added to the three standard ones and the
mass spectra present two separate doublets. We evaluate the allowed active-sterile admixture in both solar
and atmospheric oscillations, showing that, although the Super-Kamiokande data disfavor both the pure
νµ → νs atmospheric channel and, in combination with SNO, the pure νe → νs solar channel, the result
from the combined analysis still favors close-to-pure active and sterile oscillations and disfavors oscillations
into a near-maximal active-sterile admixture. c© 2002 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

Super-Kamiokande high statistics data [1, 2] in-
dicate that the observed deficit in µ-like atmospheric
events is due to the neutrinos arriving at the detector
at large zenith angles, strongly suggestive of the νµ

oscillation hypothesis. Similarly, their data on the
zenith-angle dependence and recoil-energy spectrum
of solar neutrinos [3, 4] in combination with the re-
sults fromHomestake [5], SAGE [6], and GALLEX+
GNO [7, 8] and the recent SNO results [9] have put
on a firm observational basis the long-standing prob-
lem of solar neutrinos, strongly indicating the need
for νe conversions. In addition to this, there is also
an indication for neutrino oscillations in the ν̄µ → ν̄e

channel provided by the LSND experiment [10].

Altogether, the solar and atmospheric neutrino
anomalies constitute the only solid present-day ev-
idence for physics beyond the Standard Model. It
is clear that the minimum joint description of both
anomalies requires neutrino conversions amongst all
the three known neutrinos, since at least two mass-
squared differences are needed to account simulta-
neously for the two phenomena. Furthermore, to ac-
commodate also the result of the LSND experiment,
another mass-squared difference is required, and the
simplest case in which this condition is satisfied re-
quires the existence of a fourth light neutrino, which
must be sterile in order not to affect the invisible Z
decay width precisely measured at LEP.

∗This article was submitted by the author in English.
**e-mail: maltoni@hal.ific.uv.es
1063-7788/02/6512-2125$22.00 c©
The purpose of this paper is to present a global
and combined analysis of solar, atmospheric, and
reactor neutrino data in the framework of both three-
and four-neutrino oscillation schemes. We include
in our analysis the most recent solar neutrino rates
of Homestake [5], SAGE [6], and GALLEX and
GNO [7, 8], as well as the latest 1258-d Super-
Kamiokande data sample [4] and the recent results
from the CC event rates at SNO [9]. Concerning
atmospheric neutrinos, we consider all the contained
events from Fréjus [11], IMB [12], Nusex [13],
Kamiokande [14], Soudan-2 [15], and the latest
79.5-kt yr Super-Kamiokande data set [2], as well
as the upward-going neutrino-induced muon fluxes
from both Super-Kamiokande and the MACRO de-
tector [16]. The constraints arising from the relevant
reactor (mainly CHOOZ [17] and Bugey [18]) and
accelerator (CDHSW [19] and CCFR [20]) experi-
ments are also imposed.
The outline of the paper is the following. In Sec-

tion 2, we fix our notation and summarize the most
relevant properties of the neutrino oscillation proba-
bilities that we use in the analysis of solar and at-
mospheric neutrino data. In Section 3, we describe
our results for the case of three-family oscillations,
while in Section 4 we present our analysis of the four-
neutrino case. Finally, in Section 5, we summarize the
work and present our conclusions.

2. DATA SAMPLES AND NEUTRINO
OSCILLATION PROBABILITIES

In order to determine the values of neutrinomasses
and mixing for the oscillation solution of the solar
2002 MAIK “Nauka/Interperiodica”
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neutrino problem, we have used the data on the total
event rates of the Chlorine [5] and Gallium [6–8]
experiments, as well as the recent SNO result on the
CC event rate [9]. For the Gallium experiments, we
have used the weighted average of the results from
GALLEX+GNO and SAGE detectors. We have
also included the Super-Kamiokande recoil-electron
energy spectrum measured separately during the day
and night periods (corresponding to the 1258-d data
sample), which will be referred to in the following as
the day–night spectral data and contain 19 + 19 data
bins. Thus, we have a total of 41 independent inputs.
The analysis includes the latest standard solar model
fluxes, the BP00 model [21], with updated distribu-
tions for neutrino production points and solar matter
density; details of the statistical analysis applied to the
different observables can be found in [22–24].
Concerning atmospheric neutrinos, for the four-

neutrino case, we have used all the samples of Super-
Kamiokande [2] data: e-like and µ-like samples of
sub- and multi-GeV contained events data, each
given as a five-bin zenith-angle distribution, and
upgoing-muon data including the stopping (five bins
in zenith angle) and through-going (ten angular
bins) muon fluxes. We have also included the lat-
est MACRO [16] upgoing muon samples, with ten
angular bins, which is also sensitive to the active-
sterile admixture. In addition to this, for the three-
neutrino case, we have included in our analysis
the results of the two water-Cerenkov experiments
IMB [12] and Kamiokande [14] and of the three iron-
calorimeter detectors Fréjus [11], Nusex [13], and
Soudan-2 [15], as well as the result of the CHOOZ
reactor experiment [17]. Thus, we have a total of
45 independent inputs for the 4-ν case and 65 for
the 3-ν case (66 when CHOOZ is also included).
For details on the statistical analysis applied to the
different observables, we refer to [25, 26].
In general, the determination of the oscillation

probabilities requires the solution of the Schrödinger
evolution equation of the neutrino system in the Sun-
and/or Earth-matter background:

i
dν

dt
= Hν, H = UHd

0U
† + V, (1)

where U is the unitary matrix connecting the flavor
basis and the mass basis in vacuum, Hd

0 is the vac-
uum Hamiltonian, and V describes forward inter-
actions in matter. For a CP-conserving three-flavor
scenario, we have

Hd
0 =

1
2Eν

diag(−∆m2
21, 0,∆m

2
32), (2)

U = U23(θ23)U13(θ13)U12(θ12),

V = ±
√

2GFdiag(Ne, 0, 0),
PH
ν = (νe, νµ, ντ ).

In general, the three-neutrino transition probabilities
depend on five parameters, namely, the two mass-
squared differences ∆m2

21, ∆m
2
32 and the three mix-

ing angles θ12, θ13, θ23; however, in order to accom-
modate both solar and atmospheric neutrino data in
a unified framework, an hierarchy between∆m2

21 and
∆m2

32 is required:

(∆m2
� = ∆m2

21) � (∆m2
atm = ∆m2

32). (3)

Both for the solar and the atmospheric neutrino data
analysis, we can take advantage of this hierarchy to
reduce the number of parameters. In particular, for
what concerns the solar case, we can set∆m2

32 → ∞
and also disregard the atmospheric angle θ23, since
it never appears in the relevant transition probabili-
ties. Conversely, for the atmospheric case, we can set
∆m2

21 ≈ 0 and in this limit the solar angle θ12 cancels
out from the equations. So, in both cases, we are left
with only three parameters, among which only the
reactor angle θ13 is common to both problems.
Concerning the four-neutrino case, again we as-

sume CP conservation and (2) is replaced by

Hd
0 =

1
2Eν

diag(−∆m2
21, 0,∆m

2
32,∆m

2
32 +∆m2

43),

(4)

U = U24(θ24)U23(θ23)U14(θ14)U13(θ13)
× U34(θ34)U12(θ12),

V = ±
√

2GFdiag
(
Ne,

1
2
Nn, 0, 0

)
,

ν = (νe, νs, νµ, ντ ).

There are six possible four-neutrino schemes that can
accommodate the results from solar and atmospheric
neutrino experiments as well as the LSND evidence.
They can be divided in two classes: (3 + 1) and (2 +
2). In the (3 + 1) schemes, there is a group of three
neutrino masses separated from an isolated one by a
gap on the order of 1 eV2, which is responsible for
the short-baseline oscillations observed in the LSND
experiment. In (2 + 2) schemes, there are two pairs of
close masses separated by the LSND gap. Although
still marginally allowed [27], the (3 + 1) schemes are
now disfavored by the experimental data with respect
to the (2 + 2) schemes [28, 29]; therefore, in the
present work, we concentrate on the latter.
In general, the four-neutrino transition probabili-

ties depend on nine parameters, but, as for the three-
neutrino case, a mass hierarchy is required to recon-
cile the solar and atmospheric neutrino data with the
LSND result:

(∆m2
� = ∆m2

21) � (∆m2
atm = ∆m2

43) (5)
YSICS OF ATOMIC NUCLEI Vol. 65 No. 12 2002
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� (∆m2
LSND = ∆m2

32).

Moreover, the negative results from the reactor exper-
iments, and, in particular, the Bugey one [18], provide
an upper bound on the projection of the νe over the
3–4 states, so that we can make the simplifying as-
sumption θ13 = θ14 = 0. In addition to this, for what
concerns the solar analysis, the atmospheric angle θ34
does not appear in the relevant probabilities, and we
can safely set ∆m2

32 ≈ ∆m2
43 → ∞, so that the only

mass scale involved in the problem is ∆m2
21. More-

over, the two angles θ23 and θ24 only contribute in the
combination c223c

2
24 = |Us1|2 + |Us2|2, which gives the

size of the projection of the sterile neutrino onto the
state in which the solar νe oscillates [30], so in the
end we are left with only three parameters.
Concerning the atmospheric analysis, we can set

∆m2
32 → ∞ and ∆m2

21 ≈ 0, in which case the solar
angle θ12 also cancels out; the two angles θ23 and
θ24 now contribute independently, so that we are left
with four parameters. However, the quantity s223 =
|Uµ1|2 + |Uµ2|2, which determines the size of the pro-
jection of the νµ over the “atmospheric” neutrino
oscillating states, is bounded by the negative results
of the νµ-disappearance experiments CDHSW [19]
and CCFR [20] to be smaller than 0.2, and in order
to determine the impact of such small but possible
deviations from zero, we also study the “restricted”
case θ23 = 0, widely discussed in [31].
Note that, both in the three- and in the four-

neutrino case, we can assume without loss of gener-
ality that all the mass-squared differences are positive
and all the angles lie in the interval [0, π/2], except
for the θ34 angle [30] in the four-neutrino case, which
spans the whole range [−π/2, π/2].

3. RESULTS OF THE THREE-NEUTRINO
ANALYSIS

Let us start our discussion from the analysis of
the CHOOZ experiment. This experiment performed
a search for disappearance of the ν̄e produced in a
nuclear reactor, and since no evidence of such a dis-
appearance was found, the net result is a bound on the
mixing of νe with all the other neutrino species. Under
the assumption∆m2

21 ≈ 0, the only relevant parame-
ters are θ13 and∆m2

31 ≈ ∆m2
32, and in Fig. 1we show

the exclusion plot in this plane. From this figure, we
see that theCHOOZdata strongly disfavor the region
0.044 � tan2 θ13 � 23 if∆m2

32 � 10−3 eV2; however,
for smaller values of ∆m2

32, the corresponding bound
on θ13 is much weaker. Therefore, an independent
lower bound on ∆m2

32 is required for the CHOOZ
constraint on θ13 to be applicable.
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Fig. 1. Allowed region (90, 95, 99, 99.73% C.L. with
2 d.o.f.) in the (θ, ∆m2) plane from the nonobserva-
tion of ν̄e oscillations in the CHOOZ experiment. The
same bound can be applied both to the solar param-
eters (θ12, ∆m2

21) and to the atmospheric parameters
(θ13, ∆m2

32 ≈ ∆m2
31).

Such a lower bound is presently provided by the
atmospheric data. In order to understand the rele-
vance that different data sets have on the determina-
tion of the neutrino oscillation parameters, in Fig. 2
we display the 90, 95, 99, and 99.73% C.L. three-
dimensional allowed regions for the combination of
CHOOZ with the following atmospheric data sets:
CONT-BIN (40 points), including all the e-like

and µ-like event rates from Fréjus, IMB, Nusex,
Kamiokande sub-GeV, and Soudan-2 together with
the e-like and µ-like angular spectrum (5 bins)
of Kamiokande multi-GeV and Super-Kamiokande
sub- and multi-GeV;
UP-µ (25 points), including upgoing-muon fluxes

for stopping (five angular bins) and through-going
(ten bins) muons at Super-Kamiokande and
MACRO;
ALL-ATM (65 points), combining the two pre-

vious data sets and thus corresponding to the full
sample of all atmospheric neutrino data.
Concerning contained events (CONT-BIN), we

immediately see that the lower bound on ∆m2
32 is

rather weak, and values smaller than 10−3 eV2 are
still allowed. As a consequence, although the region
∆m2

32 > 10−3 eV2 is ruled out as soon as θ13 deviates
from zero, there is still a part of the parameter space
which survives up to tan2 θ13 ≈ 0.52 at 99% C.L.
Therefore, the bound on θ13 for this data sample is not
very strong.
This situation is completely reversed when consid-

ering upgoing-muon events (UP-µ). This combina-
tion is complementary to CONT-BIN, in the sense
that the corresponding data sets are completely dis-
joint. Since the energy range covered by this sample
is much higher than the CONT-BIN one and the
neutrino transition probabilities only depend on the
∆m2/E ratio, the UP-µ sample is more sensitive
than CONT-BIN to large values of ∆m2

23, while it
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Fig. 2. Allowed regions (90, 95, 99, 99.73% C.L. with 3 d.o.f.) in the (θ23, ∆m2
32) plane for different values of θ13 and different

combinations of atmospheric data. The CHOOZ experiment is also included in the analysis. The best fit point is represented
by a star.
is less sensitive to small values. As a consequence,
the mass region∆m2

32 < 10−3 eV2 is now disfavored
and the allowed region lies in the mass range where
the CHOOZ experiment should have observed oscil-
lations for sizable θ13 values. This clearly implies a
very strong bound on θ13.

Due to the complementarity between the prop-
erties of the CONT-BIN and UP-µ combinations,
merging them into a single data set (ALL-ATM)
leads to much stronger constraints on the param-
eter space. Thanks to the large statistics provided
by the Super-Kamiokande experiment, the parame-
ter ∆m2

32 is strongly bounded both from above and
PH
from below; moreover, no region of parameter space
is allowed, even at 99% C.L., for values of tan2 θ13
larger than∼0.09, which can therefore be regarded as
the strongest bound on θ13 from the combined anal-
ysis of atmospheric and reactor data. Note that the
value θ13 = 0 corresponds to pure νµ → ντ vacuum
oscillations, so that the preference of the experimental
data for small values of θ13 is a clear indication that
electron neutrinos and matter effects do not play a
relevant role in the atmospheric neutrino conversion
mechanism.

The CHOOZ experiment also plays a very im-
portant role in the context of the solar data analysis.
YSICS OF ATOMIC NUCLEI Vol. 65 No. 12 2002
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sterile admixture |Us1|2 + |Us2|2 = c2
23c

2
24.
As we stated in the previous section, all our calcula-
tions are performed under the simplifying assumption
∆m2

21 � ∆m2
32. However, the upper bound on∆m2

21

from the analysis of the solar data alone is rather poor
in the LMA region, and values as large as 10−3 eV2

are still allowed at 99% C.L. On the other hand, the
solar LMA solution also requires an almost maximal
mixing angle, namely, θ12 ≈ 45◦, and from Fig. 1—
PH
now interpreted in terms of the solar, rather than at-
mospheric, parameters—we see that the correspond-
ing mass splitting∆m2

21 must be small. In this sense,
the CHOOZ experiment prevents the solar and at-
mospheric mass splittings from being too close to
each other, thus imposing a hierarchy and justifying
a posteriori the simplifying assumption that we made
in Section 2.
YSICS OF ATOMIC NUCLEI Vol. 65 No. 12 2002
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23 = 0.
In Fig. 3, we present the allowed region from the
unified analysis of solar, atmospheric, and reactor
data. The upper bound on ∆m2

21 follows from the
inclusion of the CHOOZ result, as we just explained.
The combination of the atmospheric and CHOOZ
data is also responsible for the strong bound on θ13,
which is now slightly strengthened by the inclusion
of solar data which also prefers small values of this
angle; as a consequence, we have now sin2 θ13 � 0.06
at 99% C.L. In the solar plane, the best-fit point
lies in the LMA region, although the LOW solution
PHYSICS OF ATOMIC NUCLEI Vol. 65 No. 12 20
is also rather good. On the other hand, the recent
result from the SNO experiment strongly disfavors
the SMA solution, which is now excluded at more
that 95% C.L.

4. RESULTS OF THE FOUR-NEUTRINO
ANALYSIS

Let us now present our results for the four-
neutrino case. Concerning the solar neutrino data,
the parameter space for the global combination of
02



2132 MALTONI

 

ATM

 

R

 

SOL

 

SMA

 

SOL

 

LOW

 

SOL

 

LMA

 

ATM

99% C.L.

90% C.L.

 

0 0.2 0.4 0.6 0.8 1.0

 

c

 

23
2

 

c

 

24
2

 

15

10

5

 
∆χ

 
2

Fig. 6. ∆χ2 as a function of the active-sterile admix-
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24 for the three solar solutions

(LMA, SMA, and LOW) as well as the “unrestricted”and
“restricted” atmospheric case (ATM and ATMR).

solar observables is three-dimensional, and in Fig. 4
we plot the sections of such a volume in the plane
(θ12,∆m2

21) for different values of the active-sterile
admixture |Us1|2 + |Us2|2 = c223c

2
24. The global min-

imum used in the construction of the regions lies in
the LMA region and corresponds to pure νe-active
oscillations. Note that, as discussed in the previous
section, we have used the CHOOZ reactor bound [17]
to cut off the allowed solutions for mass values above
(7–8) × 10−4 eV2. The SMA region appears to be
strongly disfavored; however, it is still a valid solution
for any value of c223c

2
24 at 99% C.L. On the other hand,

the quality of the fit in the LMA and LOW region is
pretty good; however, both these solutions only exist
for small values of the active-sterile admixture and
rapidly disappear when larger values are considered.
Concerning atmospheric neutrinos, the parameter

space for the global combination of atmospheric
observables is four-dimensional, and in Fig. 5 we
plot the sections of such a volume in the plane
(θ34,∆m2

43) for different values of the mixings θ23
and θ24, which we parametrize by values of the
projections |Uµ1|2 + |Uµ2|2 and |Us1|2 + |Us2|2. In
order to determine the impact of the small but pos-
sible deviation from zero of s223, we study both the
“unrestricted” four-dimensional case (right panel)
and “restricted” three-dimensional case of [31] (left
panel) in which we impose s223 = |Uµ1|2 + |Uµ2|2 = 0.
In both cases, the parameter space is composed of
two separated regions, each of them around maximal
mixing θ34 = ±π/4, and the global minimum lies
almost in the pure atmospheric νµ → ντ oscillations.
The allowed regions become considerably smaller
both for increasing values of the mixing angle θ23,
which determines the size of the projection of the νµ

over the “atmospheric” neutrino oscillating states,
PH
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and for increasing values of the mixing angle θ24,
which determines the active-sterile admixture in
which the “almost-νµ” oscillates. Therefore, from
the analysis of the atmospheric neutrino data, we
obtain an upper bound on both mixings, which, in
particular, implies a lower bound on the combination
c223c

2
24 = |Us1|2 + |Us2|2 limited from above by the

solar neutrino data.

From what we have seen so far, it is clear that
both solar and atmospheric neutrino data strongly
prefer oscillations into an active neutrino and disfa-
vor oscillations into a sterile state. However, in the
context of (2 + 2) models, it is not possible to have
pure active oscillations in both channels, so that a
large component of sterile neutrinos should partici-
pate either in the solar or in the atmospheric neutrino
conversion. There is therefore an incompatibility be-
tween the two data sets, and to better understand the
nature of the problem, we show in Fig. 6 the ∆χ2

quantity as a function of the active-sterile admixture
|Us1|2 + |Us2|2 = c223c

2
24. It is straightforward to see

that, from the analysis of solar data alone, we get
the upper bound c223c

2
24 � 0.52 at 99% C.L., while the

analysis of atmospheric data alone forces a lower limit
to c223c

2
24 � 0.52 at 99% C.L. These two bounds are

clearly contradictory, so that there seems to be no way
to reconcile solar and atmospheric data in the context
of (2 + 2) models. However, to decide whether such a
scheme is now really ruled out or not, a joint analysis
of the two data sets is needed.
YSICS OF ATOMIC NUCLEI Vol. 65 No. 12 2002
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The results of such an analysis are reported in
Fig. 7 and in the table. Combining the three solar
solutions with the two different atmospheric cases,
we obtain six different combinations, and in the table
we list the values of the χ2

min and its associated GOF
for the best-fit point in the six-dimensional (five-
dimensional for the “restricted” case) space for each
of these cases, together with the best-fit value of the
mixings |Uµ1|2 + |Uµ2|2 = s223 and |Us1|2 + |Us2|2 =
c223c

2
24. In Fig. 7, we plot the shift in χ

2 from the corre-
sponding global minimum in each of the scenarios as
the mixing |Us1|2 + |Us2|2 = c223c

2
24 varies. From the

table and the figure, we find the following behaviors:
There are two favorite configurations, which we

will denote as near-pure-sterile solar neutrino oscilla-
tions plus near-pure-active atmospheric neutrino os-
cillations (NPSS+NPAA), and close-to-active so-
lar neutrino oscillations plus close-to-sterile atmo-
spheric neutrino oscillations (CAS+ CSA), respec-
tively. NPSS+NPAA oscillations are characterized
by theminima |Us1|2 + |Us2|2 ∼ 0.91–0.97, where the
exact position of theminimum depends on the allowed
admixture |Uµ1|2 + |Uµ2|2. CAS+ CSA oscillations
are characterized by the minima |Us1|2 + |Us2|2 ∼
0.18–0.2. In both cases, and, in particular, for the
CAS+ CSA, the χ2 function is rather flat around the
minima.
In none of the cases is the maximal active-sterile

(MAS) admixture |Us1|2 + |Us2|2 = c223c
2
24 = 0.5 fa-

vored.
The scenarios with the solar solution within the

LMA region (Fig. 7a) prefer the CAS+ CSA sce-
nario, although the dependence of χ2

atm+sol with the
active-sterile admixture is not very strong and it
presents a secondary minimum near the complemen-
tary situation of close-to-sterile solar plus close-to-
active atmospheric (CSS+CAA) scenario, which
is acceptable at 90% C.L. They give the best fit
to the combined analysis, with a GOF of 67% for
the unrestricted case. The restricted case gives a
worse fit but still with an acceptable GOF of 59%.
In these scenarios, the MAS admixture is ruled
out at 99% C.L. for the restricted case and it is
acceptable at about 95% C.L. for the unrestricted
one. This behavior arises from the fact that in these
scenarios increasing the sterile admixture is strongly
disfavored both in the solar and in the atmospheric
case. It is precisely in this case that one would
expect the combined solution to lie near MAS ad-
mixture. However, the results show that it is the solar
dependence (which dominates in the combination)
that leads to the slightly better description for the
CAS+ CSA scenario with a secondary minimum at
the complementary CSS+ CAA scenario.
PHYSICS OF ATOMIC NUCLEI Vol. 65 No. 12 20
χ2
min of the best-fit point and its associatedGOF in the six-
dimensional (five-dimensional for the “restricted” case)
space in each of the cases discussed in the text, together
with the best fit value of the mixings s223 = |Uµ1|2 + |Uµ2|2
and c223c

2
24 = |Us1|2 + |Us2|2

Scenario d.o.f. s223 c223c
2
24 χ2

min GOF,%

ATM + SOLLMA 86–6 0.065 0.21 73.8 67

ATMR+ SOLLMA 86–5 0 0.22 77.4 59

ATM + SOLSMA 86–6 0.030 0.91 75.4 62

ATMR+ SOLSMA 86–5 0 0.98 75.5 65

ATM + SOLLOW 86–6 0.030 0.78 74.5 65

ATMR+ SOLLOW 86–5 0 0.95 75.6 65

On the other hand, scenarios with the solar so-
lution within the SMA region (Fig. 7b) prefer the
NPSS +NPAA scenario. They give a worse fit to
the combined analysis for the unrestricted case, with
a GOF of 62% improving to 65% for the restricted
case. In these scenarios, the dependence of χ2 with
the active-sterile admixture is more pronounced and
it is dominated by the dependence of the atmospheric
neutrino analysis, although there is a secondary min-
imum at the CAS+ CSA configuration which for the
unrestricted case is acceptable at 99% C.L. In all
these scenarios, the MAS admixture is ruled out at
more than 99% C.L. Qualitatively this behavior arises
from the fact that, in these scenarios, increasing the
sterile admixture in the atmospheric pair is strongly
disfavored while it is still acceptable for the solar pair
since the SMA solution is valid for pure νe → νs solar
oscillations.

5. SUMMARY AND CONCLUSIONS
In this article, we have presented a global analysis

of solar, atmospheric, and reactor neutrino data in
terms of both three- and four-flavor oscillations.
Concerning the three-neutrino case, our results

show that the most favorable scenario is the simplest
two-neutrino mixing case νe → νa for solar neutrinos
and the pure νµ → ντ vacuum oscillation hypothesis
for the atmospheric case. However, from the analysis
of solar and atmospheric data alone, it is not possible
to derive a strong bound on θ13, while the inclusion
of the CHOOZ data drastically improves this limit.
The Standard Model is now completely ruled out by
the experimental data, while there is full agreement
between solar, atmospheric, and reactor results in the
context of three-neutrino oscillations.
Conversely, for the four-neutrino case in the

framework of (2 + 2) schemes, there is a clear dis-
agreement between solar and atmospheric data, since
02
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both of them strongly disfavor oscillations into a
sterile neutrino. However, a combined analysis show
that the global fit is characterized by a GOF of 67%,
a perfectly good value. The best-fit point lies in the
LMA region and has |Us1|2 + |Us2|2 ≈ 0.2, although
there is another possible configuration, favored by
the SMA solution, with |Us1|2 + |Us2|2 ≈ 1. Finally,
oscillations into a nearly maximal active-sterile ad-
mixture is always disfavored.
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Abstract—Double-beta decay is indispensable to solve the question of the neutrino mass matrix together
with ν oscillation experiments. Recent analysis of the most sensitive experiment in the last eight years—
the Heidelberg–Moscow experiment in Gran Sasso—yields evidence for the neutrinoless decay mode at
a 97% C.L. This result is the first indication for lepton number violation and for the neutrino to be a
Majorana particle. We give the present status of the analysis in these proceedings. It excludes several
of the neutrino mass scenarios allowed from present neutrino oscillation experiments—essentially only
degenerate and partially degenerate mass scenarios survive. To improve the present result, considerably
enlarged experiments are required, such as GENIUS. A GENIUS Test Facility has just been funded and
will come into operation by the end of 2002. c© 2002 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

Recently atmospheric and solar neutrino oscilla-
tion experiments have shown that neutrinos are mas-
sive. This was the first indication of beyond Standard
Model physics. The absolute neutrino mass scale
was, however, still unknown, and only neutrino oscil-
lations and neutrinoless double-beta decay together
can solve this problem (see, e.g. [1–3]). Another
question of fundamental importance is whether the
neutrino is a Dirac orMajorana particle. Only double-
beta decay can solve this problem. Finally double-
beta decay has a unique sensitivity to probe lepton
number conservation.
In this paper, we will discuss the status of double-

beta-decay search. We shall, in Section 2, discuss
the expectations for the observable of neutrinoless
double-beta decay, the effective neutrino mass 〈mν〉,
from the most recent ν oscillation experiments.
In Section 3, we shall discuss the recent evidence
for the neutrinoless decay mode and discuss the
consequences for the neutrino mass scenarios that
could be realized in nature. In Section 4, we discuss
the possible future potential of 0νββ experiments,
which could improve the present accuracy.

2. ALLOWED RANGES OF 〈m〉
BY ν OSCILLATION EXPERIMENTS

The observable of double-beta decay

〈m〉 =
∣∣∣∑U2

eimi

∣∣∣
∗This article was submitted by the author in English.
1)Spokesman of Heidelberg–Moscow and GENIUS col-
laborations; E-mail: klapdor@mickey.mpi-hd.mpg.de; home
page: http://www.mpi-hd.mpg.de.non_acc/
1063-7788/02/6512-2135$22.00 c©
= |m(1)
ee | + eiφ2 |m(2)

ee | + eiφ3 |m(3)
ee |,

with Uei denoting elements of the neutrino mix-
ing matrix, mi-neutrino mass eigenstates, and φi-
relative Majorana CP phases, can be written in terms
of oscillation parameters [1]

|m(1)
ee | = |Ue1|2m1, (1)

|m(2)
ee | = |Ue2|2

√
∆m2

21 +m2
1, (2)

|m(3)
ee | = |Ue3|2

√
∆m2

32 + ∆m2
21 +m2

1. (3)

The effective mass 〈m〉 is related to the half-life for
0νββ decay via (T 0ν

1/2)
−1 ∼ 〈mν〉2.

Neutrino oscillation experiments fix or restrict
some of the parameters in (1)–(3), e.g., in the
case of normal hierarchy, solar neutrino experiments
yield ∆m2

21, |Ue1|2 = cos2 θ� and |Ue2|2 = sin2 θ�.
Atmospheric neutrinos fix ∆m2

32, and experiments
like Chooz, looking for νe disappearance, restrict
|Ue3|2. The phases φi and the mass of the lightest
neutrino,m1, are free parameters. Double-beta decay
can fix the parameter m1 and thus the absolute
mass scale. The expectations for 〈m〉 from oscillation
experiments in different neutrino mass scenarios have
been carefully analyzed in [1, 2]. In Subsections 2.1
to 2.3, we give some examples.

2.1. Hierarchical Spectrum (m1 � m2 � m3)

In hierarchical spectra (Fig. 1), motivated by
analogies with the quark sector and the simplest
seesaw models, the main contribution comes from
m2 or m3. For the large mixing angle (LMA) MSW
solution which is favored at present for the solar
2002 MAIK “Nauka/Interperiodica”
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mass hierarchy. Bars correspond to flavor admixtures in
the mass eigenstates ν1, ν2, ν3. The quantity 〈m〉 is de-
termined by the dark bars denoting the admixture of the
electron neutrinoUei.

neutrino problem (see [4]), the contribution of m2

becomes dominant in the expression for 〈m〉, and

〈m〉 � m(2)
ee =

tan2 θ

1 + tan2 θ

√
∆m2

�. (4)

In the region allowed at 90% C.L. by Super-Kamio-
kande according to [5], the prediction for 〈m〉 be-
comes

〈m〉 = (1–3) × 10−3 eV. (5)

The prediction extends to 〈m〉 = 10−2 eV in the
99% C.L. range (Fig. 2).

2.2. Inverse Hierarchy (m3 ≈ m2 
 m1)

In inverse hierarchy scenarios (Fig. 3), the heav-
iest state with mass m3 is mainly the electron neu-
trino, its mass being determined by atmospheric neu-

trinos,m3 �
√

∆m2
atm. For the LMAMSW solution,

one finds [1]

〈m〉 = (1–7) × 10−2 eV. (6)

2.3. Degenerate Spectrum
(m1 � m2 � m3 � 0.1 eV)

In degenerate scenarios (Fig. 3), the contribution
ofm3 is strongly restricted by Chooz. The main con-
tributions come from m1 and m2, depending on their
admixture to the electron flavors, which is determined
by the solar neutrino solution. We find [1]

mmin < 〈m〉 < m1 with (7)

〈mmin〉 = (cos2 θ� − sin2 θ�)m1.

This leads for the LMA solution to 〈m〉=(0.25–1)m1,
the allowed range including the uncertainty from the
unknown Majorana CP phases.
PH
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Fig. 2.Double-beta decay observable 〈m〉 and oscillation
parameters in the case of the LMA MSW solution of
the solar neutrino deficit, where the dominant contribu-
tion to 〈m〉 comes from the second state. Shown are
lines of constant 〈m〉, the lowest line corresponding to
〈mν〉 = 0.001 eV, the upper line to 0.01 eV. The inner and
outer closed lines show the regions allowed by present
solar neutrino experiments with 90% C.L. and 99% C.L.,
respectively. Double-beta decay with sufficient sensitivity
could check the LMA MSW solution. Complementary
information could be obtained from the search for a day–
night effect and spectral distortions in future solar neu-
trino experiments as well as a disappearance signal in
KamLAND (from [1]).
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After these examples, we give a summary of our
analysis [1, 2] of the 〈m〉 allowed by ν oscillation
experiments for neutrino mass models in the presently
favored scenarios in Fig. 4. The size of the bars in-
YSICS OF ATOMIC NUCLEI Vol. 65 No. 12 2002



NEUTRINOLESS DOUBLE-BETA DECAY 2137

 

10

 

0

 

10

 

–1

 

10

 

–2

 

10

 

–3

 
〈

 
m

 

ee

 
〉
 
, eV Heidelberg–Moscow, first 0
 

νββ
 

 positive evidence Best value
2001

Heidelberg–
Moscow

CUORE 600 kg
project

MOON 3.3 t
project

GENIUS 1 t,
EXO 10 t
projects

GENIUS 10 t
project

 

SM
A

L
M

A

V
ac

SM
A

L
M

A

V
ac

SM
A

L
M

A

V
ac

SM
A

L
M

A

T
ri

pl
e

H
ie

ra
rc

h

2 
D

eg
en

er

In
ve

rs
e

 

Inverse
hierarchy

Partially
degeneracyDegeneracyHierarchy

4

 

ν

 

V
ac

Fig. 4. The impact of the evidence obtained for neutrinoless double-beta decay [6] (best value of the effective neutrino mass
〈m〉 = 0.39 eV, 95% C.L. range 0.05–0.84 eV—allowing already for an uncertainty of the nuclear matrix element of a factor of
±50%) on possible neutrino mass schemes. The bars denote allowed ranges of 〈m〉 in different neutrino mass scenarios, still
allowed by neutrino oscillation experiments (see [1, 2]). Hierarchical models are excluded by the new 0νββ decay result. Also
shown are the expected sensitivities for the future potential double-beta experiments CUORE, MOON, EXO, and the 1- and
10-t project of GENIUS [3, 7].
clude the uncertainty in mixing angles and the un-
known Majorana CP phases.

3. EVIDENCE FOR THE NEUTRINOLESS
DECAY MODE

The status of present double-beta experiments is
shown in Fig. 5 and is extensively discussed in [3].
The Heidelberg–Moscow experiment [8] using the
largest source strength of 11 kg of enriched 76Ge in
form of five HPGe detectors has been running since
August 1990 in the Gran Sasso underground labora-
tory [3, 6, 9–11], and for a long time (eight years),
it has been the most sensitive one. The prominent
features of this experiment are as follows:
(i) Since the sensitivity for the 0νββ half-life is

T 0ν
1/2 ∼ a

√
Mt/∆EB, with a denoting the degree of

enrichment, M the detector (source) mass, ∆E the
energy resolution, B the background, and t the mea-
suring time, the sensitivity of our 11-kg enriched
76Ge experiment corresponds to that of an at least
1.2-t natural Ge experiment. After enrichment, en-
ergy resolution, background, source strength, and
efficiency are the most important features of a ββ
experiment.
(ii) The high-energy resolution of the Ge detectors

of 0.2% assures that there is no background for a
PHYSICS OF ATOMIC NUCLEI Vol. 65 No. 12 20
0νββ line from the two-neutrino double-beta decay
in this experiment, in contrast to most other present
experimental approaches, where limited energy reso-
lution is a severe drawback.
(iii) The efficiency of the Ge detectors for detection

of 0νββ events is close to 100%.
(iv) The source strength in this experiment of

11 kg is the largest source strength ever operated in a
double-beta-decay experiment.
(v) The background reached in this experiment is,

with 0.17 event/(kg yr keV) in the 0νββ decay region
(2000–2080 keV), the lowest limit ever obtained in
such type of experiment.
(vi) The statistics collected in this experiment dur-

ing 10 years of stable running is the largest ever
collected in a double-beta-decay experiment.
We communicate here the status of the analysis of

November 2001.

3.1. Data from the Heidelberg–Moscow Experiment

The data taken in the period of August 1990–
May 2000 (54.9813 kg yr, or 723.44mol yr) are shown
in Fig. 6. Also shown in Fig. 6 are the data of single
site events (SSE) taken in the period of Novem-
ber 1995–May 2000 with our methods of pulse shape
analysis (PSA) [15–17]. We have analyzed [6] those
data with various statistical methods, in particular,
02
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Fig. 5. Present sensitivity, and expectation for the future, of the most sensitive ββ experiments. Given are limits for the 0νββ
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given (95% C.L. range), and the best value. Light (dark) shaded bars correspond to present status (expectations) for running
experiments; solid and dashed lines correspond to experiments under construction and proposed, respectively. For references
see [3, 6, 12, 13].
also with the Bayesian method [18]. This method is
particularly suited for low counting rates, where the
data follow a Poisson distribution, that cannot be
approximated by a Gaussian.
We have probably for the first time applied the

Bayesian method to the analysis of double-beta de-
cay.We have shown [19] that themethod is clearly su-
PH
perior to other methods usually used, like maximum
likelihood or χ2 analysis, in the case of extremely low
counting rates. We have proved this in thousands of
computer-generated spectra, and, in particular, we
can prove that we can indeed find a line with a content
of five counts on a Poisson-distributed background
level as we have in our experiment, with the given
YSICS OF ATOMIC NUCLEI Vol. 65 No. 12 2002
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method. Left: Energy range 2000–2080 keV. Right: Energy range of interest for double-beta decay.
confidence level. This is the case because we know the
position of the line from the very precisely determined
Q value of 76Ge decay and because we know the
shape of the line from background lines that we have
at other energies in the spectrum.
PHYSICS OF ATOMIC NUCLEI Vol. 65 No. 12 20
Figures 7 and 8 show the results of the analy-
sis of the data with the Bayesian method. Shown is
the probability K of finding a (Gaussian) line with
known standard deviation of σ = 1.70 (1.59) keV cor-
responding to 4.00 (3.74), for 3.74-keV FWHM, as a
02



2140 KLAPDOR-KLEINGROTHAUS

 

0.03

0.02

0.01

0
0.4 0.8 1.2

Intensity

Time, 

 

µ

 

s

0.02

0.01

0
0.4 0.8 1.2

Intensity

00

Fig. 9. Left: Shape of one candidate for 0νββ decay (energy 2038.61 keV) classified as SSE by all three methods of pulse shape
discrimination. Right: Shape of one candidate (energy 2038.97 keV) classified as MSE by all three methods.
function of energy. This information was obtained by
two-parametric Bayesian inference. We have asked
for the intensity I of a line at a given energy E
and for the background level. The background was
assumed to be constant over the spectral range of
2000–2080 keV. For details of the procedure see [6].
The probability K is the ordinate in Figs. 7 and 8.
This procedure reproduces γ lines at the position of

known weak lines from the decay of 214Bi at 2010.7,
2016.7, 2021.8, and 2052.9 keV [20]. In addition, a
line centered at 2039 keV shows up. This is compati-
ble with theQ value [14, 21] of the double-beta-decay
process. We emphasize that, at this energy, no γ line
is expected according to Monte Carlo simulations
of the experimental setup and to the compilations
in [20]. The background on the left-hand side iden-
tified by the Bayesian method is too high, because
the procedure averages the background over all the
spectrum (including lines), except the line that it is
trying to single out.
The right side of Fig. 7 shows the same as the left

side, but in the spectral range of interest for double-
beta decay. Here, the background is determined from
a±5σ energy interval, aroundQββ , where no lines are
expected. The Bayesian analysis of this energy range
yields a confidence level (i.e., the probability K) for a
line to exist at 2039.0 keV of 96.5% C.L. (2.1σ). We
repeated the analysis for the same data, but without
detector 4, which had no muon shield and a slightly
worse energy resolution (46.502 kg yr). The result is
similar to that given in Fig. 7; the probability that
we find for a line at 2039.0 keV is 97.4% (2.2σ) [6].
We also applied the method recommended by the
Particle Data Group [22]. This method (which does
not use the information that the line is Gaussian)
finds a line at 2039 keV at a confidence level of 3.1σ
(99.8% C.L.).
The spectrum of single site events selects events

confined to a few-millimeter region in the detector
corresponding to the track length of the emitted
PH
electrons—such as double-beta events—and rejects
multiple site events (MSE)—such asmultiple Comp-
ton scattering events [15–17]. The expectation for
a 0νββ signal would be a line of single site events
on some background of multiple site events but also
single site events, the latter coming, e.g., from the
continuum of the 2614-keV γ line from 208Tl (see,
e.g., the simulation in [15]).
Installation of PSA was performed in 1995 for the

four large detectors. Detector 5 has been running
since February 1995, and detectors 2, 3, and 4 since
November 1995 with PSA. The measuring time
with PSA from November 1995 until May 2000
is 36.532 kg yr; for detectors 2, 3, and 5, it is
28.053 kg yr.
Figure 6 shows the SSE spectrum obtained under

the restriction that the signal simultaneously fulfills
the criteria of all three methods for a single site event.
Figure 9 shows typical SSE andMSE from our spec-
trum.
Analysis with the Bayesian method of the range

2000–2080 keV again shows evidence for a line at
the energy of 2039.0 keV (Fig. 8). In total, we find
nine SSE in the region of 2034.1–2044.9 keV (±3σ
around Qββ). The analysis of the line before correc-
tion for the efficiency yields 4.6 events (best value)
or 0.3–8.0 events within 95% C.L. Corrected for
the efficiency to identify an SSE signal by succes-
sive application of all three PSA methods, which is
0.55 ± 0.10, we obtain a 0νββ signal with 92.4% C.L.
The signal is 3.6–12.5 events with 68.3% C.L. (best
value 8.3 events). The PDG method gives a signal at
2039.0 keV of 2.8σ (99.4% C.L.).

3.2. Half-Life and Effective Neutrino Mass
Under the assumption that the signal at Qββ is

not produced by a background line of at present un-
known origin, we can translate the observed num-
ber of events into half-lifes for neutrinoless double-
beta decay. In Table 1, we give conservatively the
YSICS OF ATOMIC NUCLEI Vol. 65 No. 12 2002
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Table 1. Half-life for the neutrinoless decay mode and deduced effective neutrino mass from the Heidelberg–Moscow
experiment [6]

Significance, kg yr Detectors T 0ν
1/2, 1025 yr 〈m〉, eV C.L.,%

54.9813 1, 2, 3, 4, 5 0.80–35.07 0.08–0.54 95

1.04–3.46 0.26–0.47 68

1.61 0.38 Best Value

46.502 1, 2, 3, 5 0.75–18.33 0.11–0.56 95

0.98–3.05 0.28–0.49 68

1.50 0.39 Best Value

28.053 2, 3, 5 SSE 0.88–22.38 0.10–0.51 90

1.07–3.69 0.25–0.47 68

1.61 0.38 Best Value
values obtained with the Bayesianmethod. Also given
are the effective neutrino masses 〈mν〉 deduced us-
ing matrix elements from [23]. We derive from the
data taken with 46.502 kg yr the half-life T 0ν

1/2 =
(0.8–18.3) × 1025 yr (95% C.L.). The analysis of the
other data sets shown in Table 1, in particular, of
the SSE data, confirms this result.
The result obtained is consistent with the limits

given earlier by the Heidelberg–Moscow experi-
ment [11]. It is also consistent with all other double-
beta experiments which still reach less sensitivity. A
second Ge experiment [24], which stopped operation
in 1999 after reaching a significance of 9 kg yr, yields
(if one believes their method of “visual inspection”
in their data analysis) in a conservative analysis a
limit of T 0ν

1/2 > 0.55 × 1025 yr (90% C.L.). The 128Te

geochemical experiment [25] yields 〈mν〉 < 1.1 eV
(68%C.L.), the 130Te cryogenic experiment [26] yields
〈mν〉 < 1.8 eV, and the CdWO4 experiment [27]
yields 〈mν〉 < 2.6 eV, all derived with the matrix
elements of [23] to make the results comparable to
the present value.

Concluding, we have obtained, with about 95%
probability, the first evidence for the neutrinoless
double-beta decay mode. As a consequence, with
95% C.L., lepton number is not conserved. Further,
the neutrino is a Majorana particle. The effective
mass 〈m〉 is deduced to be 〈m〉 = 0.11–0.56 eV
(95% C.L.), with the best value of 0.39 eV. Allowing
conservatively for an uncertainty of the nuclear matrix
elements of ±50% (for detailed discussions of the
status of nuclear matrix elements, we refer to [3, 28,
29] and references therein), this range may widen to
〈m〉 = 0.05–0.84 eV (95% C.L.). In this conclusion,
it is assumed that contributions to 0νββ decay from
PHYSICS OF ATOMIC NUCLEI Vol. 65 No. 12 20
processes other than the exchange of a Majorana
neutrino (see, e.g., [3] and references therein) are
negligible.

With the limit deduced for the effective neutrino
mass, the Heidelberg–Moscow experiment excludes
several of the neutrino mass scenarios allowed from
present neutrino oscillation experiments (Fig. 4)—
allowing mainly only for degenerate mass scenarios
and an inverse hierarchy scenario. In particular, hi-
erarchical mass schemes are already excluded at the
present level of accuracy.

Assuming the degenerate scenarios to be real-
ized in nature, we fix according to [1] the com-
mon mass eigenvalue of the degenerate neutrinos
to m = 0.05–3.4 eV. Part of the upper range is
already excluded by tritium experiments, which give
a limit of m < 2.2 eV (95% C.L.) [30]. The full
range can only partly (down to ∼ 0.5 eV) be checked
by future tritium decay experiments, but could be
checked by some future ββ experiments (see, e.g.,
next section). The deduced 95% interval for the
sum of the degenerate neutrino masses is consistent
with the range for Ων deduced from recent cosmic
microwave background measurements and large-
scale structure (redshift) surveys, which still allow for∑

imi ≤ 4.4 eV (Ωνh
2 ≤ 0.05) [31, 32]. The range of

〈m〉 fixed in this work is, already now, in the range
to be explored by the satellite experiments MAP
and PLANCK [33, 34] (Fig. 10). The deduced best
value for the mass lies in a range of interest for Z-
burst models recently discussed as an explanation for
superhigh-energy cosmic ray events beyond the GKZ
cutoff [35].
The neutrino mass deduced may allow neutrinos

to still play an important role as hot dark matter in the
Universe.
02
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Fig. 10. Double-beta decay observable 〈m〉 and oscillation parameters: The case for degenerate neutrinos. Plotted on the axes
are the overall scale of neutrino masses m1 and mixing tan2 θ12. Also shown is a cosmological bound deduced from a fit of
CMB and large-scale structure [33] and the expected sensitivity of the satellite experiments MAP and PLANCK. The present
limit from tritium β decay of 2.2 eV [30] would lie near the top of the figure. The range of 〈m〉 fixed by the Heidelberg–Moscow
experiment [6] is already in the range to be explored by MAP and PLANCK [33].
4. FUTURE OF ββ EXPERIMENTS

To improve the present sensitivity for the effective
neutrino mass considerably, as well as to fix this
quantity more accurately, requires new experimental
approaches, as discussed extensively in [3, 13, 36–
39]. Some of them are indicated in Figs. 4 and 5. It
has been discussed earlier [3, 13, 36, 38, 39] that, of
present-generation experiments, probably none has
a potential to probe 〈m〉 below (and probably even
down to) the present Heidelberg–Moscow level (see
Fig. 5).

The Milano cryogenic experiment using TeO2

bolometers improved their values for the 〈m〉 from
ββ decay of 130Te from 5.3 eV in 1994 to 1.8 eV
in 2000 [26]. NEMO III, originally aiming at a
sensitivity of 0.1 eV, reduced their goals recently
to 0.3–0.7 eV [40] (which is more consistent with
estimates given by [41]), to be reached in 6 years
from the start of running, foreseen for the year 2002.
The problems there are the low efficiency of the
detector of only 14%, which reduces their 7-kg 100Mo
experiment to a 1-kg experiment, and the weak
energy resolution, which forces them to search for the
0νββ signal (with 100Mo) in the wide energy range
2880–3200 keV [42].
PH
4.1. GENIUS and Other Proposed Future
Double-Beta Experiments

With the era of the Heidelberg–Moscow exper-
iment, the time of the small smart experiments is
over. To reach significantly larger sensitivity, ββ ex-
periments have to become large. On the other hand,
source strengths of up to 10 t of enriched material
touch the world production limits. This means that
the background has to be reduced by the order of
a factor of 1000 or more compared to that of the
Heidelberg–Moscow experiment.
Table 2 lists some key numbers for GENIUS [36,

37, 39], which was the first proposal for a third-
generation double-beta experiment, and of some
other proposals made after the GENIUS proposal.
The potential of some of them is shown also in Fig. 4,
and it is seen that not all of them may lead to large
improvements in sensitivity. This is, in particular, the
case for those which do not (cannot) fully eliminate
materials near the detector, such as CUORE [49]
and MAJORANA [58]. The first cannot do without
copper around the bolometers for cooling purposes
and thus has, with the complexity of cryogenic
techniques, still to overcome serious problems of
background entering interesting regions of 〈mν〉.
Also MAJORANA still has material close to the
crystals. It is known, on the other hand, from the
YSICS OF ATOMIC NUCLEI Vol. 65 No. 12 2002
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Table 2. Some key numbers of future double-beta-decay experiments and of the Heidelberg–Moscow experiment

ββ–
Iso-
tope

Name of
experiment Status Mass, t

Assumed background,
∗—events/(kg yr keV),

∗∗—events/(kg yr FWHM),
∗ ∗ ∗—events/(yr FWHM)

Running
time, t yr

76Ge Heidelberg– Running 0.011 (enrich.) 0.06∗ 54.98 kg yr
Moscow since 0.24∗∗
[6, 11, 48] 1990 2∗ ∗ ∗

100Mo NEMO III Under ∼0.01 (enrich.) 0.0005∗
[40] constr. 0.2∗∗ 50 kg yr

end 2001? 2∗ ∗ ∗
130Te CUOREb Idea 0.75 (nat.) 0.5∗ 5

[49] since 1998 4.5∗∗
1000∗ ∗ ∗

130Te CUORE Idea 0.75 (nat.) 0.005∗ 5
[49, 50] since 1998 0.045∗∗

45∗ ∗ ∗
100Mo MOON Idea 10 (enrich.) ? 30

[51, 52] since 1999 100 (nat.) 300
116Cd CAMEOII Idea 0.65 3.0∗ ∗ ∗ 5–8

CAMEOIII [53] since 2000 1 (enr.) ? 5–8
136Xe EXO Proposal 1 0.4∗ ∗ ∗ 5

[54, 55] since
1999 10 0.6∗ ∗ ∗ 10

76Ge GENIUS-TF Under 11 kg 6××× 10−3 ∗ 3
[56, 57] constr. (enrich.)

end 2001?
76Ge GENIUS Proposal 1 (enrich.) 0.04××× 10−3* 1

[36, 37] since 0.15××× 10−3 ∗ ∗
1997 ∗ 0.15 ∗ ∗∗

1 ∗ 1.5 10
76Ge GENIUS Proposal 10 (enrich.) 0.15××× 10−3 ∗ ∗ 10

[36, 37] since 0c 10
1997

aWith matrix element from [23, 43–46] (see Table II in [44]).
bAssuming the background of the present pilot project.
cThis case shown to demonstrate the ultimate limit of such experiments. For details see [3].
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Heidelberg–Moscow experiment, that the remaining
background in this experiment is mainly coming
from the materials around the detector. So, the
MAJORANA project may not really have a striking
new strategy for background reduction, particularly
also after it was found that the projected segmenta-
tion of detectors may not work.
For recent information on the XMASS, EXO, and

MOON experiments, we refer to the contributions
of Y. Suzuki, G. Gratta, and H. Ejiri in [52]. The
CAMEO project [53] in its now propagated variant
GEM seems to be nothing more than a variant of
GENIUS (see below) put into the BOREXINO tank

Table 3. Some of the new projects under discussion for
future double-beta-decay experiments (see [3])

Name of
experiment

Back-
ground
reduction

Mass
increase

Potential
for dark
matter

Potential
for solar ν’s

GENIUS + + + +∗

CUORE (+) + − −
MOON (+) + − +

EXO + + − −
MAJORANA − + − −
∗ Real-time measurement of pp neutrinos with threshold of
20 keV (!!).
PH
at some later time. EXO [54] still needs extensive
research and development to probe the applicability of
the proposed detectionmethod. In particular, if it were
confirmed that tracks will be too short to be identified,
it would act essentially only as a highly complicated
calorimeter. In the GENIUS project, a reduction by a
factor of more than 1000 down to a background level
of 0.1 event/(t yr keV) in the range of 0νββ decay is
planned to be reached by removing all material close
to the detectors and by using naked Ge detectors in
a large tank of liquid nitrogen. It has been shown
that the detectors show excellent performance under
such conditions [37, 59]. For technical questions and
extensive Monte Carlo simulations of the GENIUS
project for its application in double-beta decay, dark
matter search, and solar neutrino search, we refer
to [7, 12, 37, 39, 59, 60].

4.2. GENIUS and Other Physics
beyond the Standard Model

GENIUS will allow, besides the large increase
in sensitivity for double-beta decay described above,
access to a broad range of other physics topics
beyond SM in the multi-TeV range [3, 48, 61].
Even now, ββ decay probes the TeV scale on which
new physics should manifest itself (see, e.g., [3, 36,
48, 61]). Based to a large extent on the theoretical
work of the Heidelberg group in the last six years,
YSICS OF ATOMIC NUCLEI Vol. 65 No. 12 2002
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the Heidelberg–Moscow experiment has yielded re-
sults for SUSY models (R-parity breaking, neutrino
mass), leptoquarks (leptoquark–Higgs coupling),
compositeness, right-handedW mass, nonconserva-
tion of Lorentz invariance and equivalence principle,
and mass of a heavy left- or right-handed neutrino,
competitive to corresponding results from high-
energy accelerators like TEVATRON and HERA.

4.3. GENIUS Test Facility

Construction of a test facility for GENIUS
(GENIUS-TF) consisting of ∼40 kg of HPGe de-
tectors suspended in a liquid nitrogen box has been
started. Up to summer of 2001, six detectors each of
∼2.5 kg and with a threshold of as low as ∼500 eV
have been produced. Besides a test of various pa-
rameters of the GENIUS project, the test facility
would allow [60], with the projected background of
2–4 events/(kg yr keV) in the low-energy range,
probing the DAMA evidence for dark matter by
the seasonal modulation signature (see Fig. 11 and
[56, 57]).

5. CONCLUSION

The status of present double-beta-decay search
has been discussed, and recent evidence for a non-
vanishing Majorana neutrino mass obtained by the
Heidelberg–Moscow experiment has been presented.
Future projects to improve the present accuracy of the
effective neutrino mass have been briefly discussed.
The most sensitive of them (and perhaps at the same
time the most realistic one) is the GENIUS project.
GENIUS is the only one of the new projects (see also
Table 3) that simultaneously has a huge potential for
cold dark matter search and for real-time detection of
low-energy neutrinos [13, 36, 39, 48, 52, 60, 62].
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NEUTRINO PHYSICS AND ASTROPHYSICS
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by 888B Solar Neutrinos at the Sudbury Neutrino Observatory*
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Abstract—Solar neutrinos from the decay of 8B have been detected at the Sudbury Neutrino Obser-
vatory (SNO) via the charged current (CC) reaction on deuterium and by the elastic scattering (ES)
of electrons. The CC reaction is sensitive exclusively to νe, while the ES reaction also has a small
sensitivity to νµ and ντ . The flux of νe from 8B decay measured by the CC reaction rate is φCC(νe) =
[1.75 ± 0.07 (stat.)+0.12

−0.11 (syst.) ± 0.05 (theor.)] × 106 cm−2 s−1. Assuming no flavor transformation, the
flux inferred from the ES reaction rate is φES(νx) = [2.39 ± 0.34 (stat.)+0.16

−0.14 (syst.)] × 106 cm−2 s−1.
Comparison of φCC(νe) to the Super-Kamiokande collaboration’s precision value of φES(νx) yields a 3.3σ
difference, assuming the systematic uncertainties are normally distributed, providing evidence that there is
a nonelectron flavor active neutrino component in the solar flux. The total flux of active 8B neutrinos is thus
determined to be (5.44 ± 0.99) × 106 cm−2 s−1, in close agreement with the predictions of solar models.
c© 2002 MAIK “Nauka/Interperiodica”.
Solar-neutrino experiments over the past 30 years
[1–6] have measured fewer neutrinos than are pre-
dicted by models of the Sun [7, 8]. One explanation for
the deficit is the transformation of the Sun’s electron-
type neutrinos into other active flavors. The Sudbury
Neutrino Observatory (SNO) measures the 8B solar
neutrinos through the reactions

νe + d→ p+ p+ e− (CC),

νx + d→ p+ n+ νx (NC),

νx + e− → νx + e− (ES).

The charged current reaction (CC) is sensitive ex-
clusively to electron-type neutrinos, while the neu-
tral current (NC) is sensitive to all active neutrino
flavors (x = e, µ, τ ). The elastic scattering (ES) re-
action is sensitive to all flavors as well, but with
reduced sensitivity to νµ and ντ . By itself, the ES
reaction cannot provide a measure of the total 8B
flux or its flavor content. Comparison of the 8B flux
deduced from the ES reaction assuming no neutrino
oscillations (φES(νx)) to that measured by the CC
reaction (φCC(νe)) can provide clear evidence of flavor
transformation without reference to solar model flux
calculations. If neutrinos from the Sun change into
other active flavors, then φCC(νe) < φES(νx).

∗This article was submitted by the author in English.
**e-mail: farine@surf.sno.laurentian.ca
1063-7788/02/6512-2147$22.00 c©
The first results from SNO on the ES and CC
reactions are presented. SNO’s measurement of
φES(νx) is consistent with previous measurements
described in [5]. The measurement of φCC(νe), how-
ever, is significantly smaller and is therefore incon-
sistent with the null hypothesis that all observed
solar neutrinos are νe. A measurement using the NC
reaction, which has equal sensitivity to all neutrino
flavors, will be reported in a future publication.

SNO [9] is an imaging water Cerenkov detector
located at a depth of 6010 mwe in the INCO, Ltd.
Creighton mine near Sudbury, Ontario. It features
1000 metric tons of ultrapure D2O contained in a
12-m-diameter spherical acrylic vessel. This sphere
is surrounded by a shield of ultrapure H2O contained
in a 34-m-high barrel-shaped cavity of maximum
diameter equal to 22 m. A stainless steel structure
17.8 m in diameter supports 9456 20-cm photomulti-
plier tubes (PMTs) with light concentrators. Approx-
imately 55% of the light produced within 7 m of the
center of the detector will strike a PMT.

The data reported here were recorded between
November 2, 1999, and January 15, 2001, and corre-
spond to a live time of 240.95 d. Events are defined by
a multiplicity trigger of 18 or more PMTs exceeding
a threshold of ∼ 0.25 photoelectrons within a time
window of 93 ns. The trigger reaches 100% efficiency
at 23 PMTs. The total instantaneous trigger rate is
15–18 Hz, of which 6–8 Hz is the data trigger. For
2002 MAIK “Nauka/Interperiodica”
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Table 1. Calibration devices for the SNO detector and their principal uses

Calibration Device

Electronics: Electronic pulsers

Time slope (ns/count); Time pedestal;
Charge slope (pC/count); Charge pedestal

Optics: Laser ball:

Common time reference; D2O attenuation and
scattering; Acrylic attenuation and scattering; H2O
attenuation and scattering; Reflection and scattering
from structures; Single photoelectron (pe) response;
Relative single pe efficiency; Multiple pe response;
Walk (time vs. pulse amplitude)

Pulsed laser ∼2 ns (337, 365, 386, 420, 500, and 620 nm)

Energy: Radioactive sources:

Gamma energy response; Electron energy response;
Neutron-capture efficiency; Angular response

16N; 3H(p,γ)3He accelerator source; 252Cf; 8Li; Th; U

Low-energy backgrounds: Encapsulated Th and U sources
every event trigger, the time and charge responses of
each participating PMT are recorded.

The data were partitioned into two sets, with ap-
proximately 70% used to establish the data analysis
procedures and 30% reserved for a blind test of sta-
tistical bias in the analysis. The analysis procedures
were frozen before the blind data set was analyzed,
and no statistically significant differences in the data
sets were found. We present here the analysis of the
combined data sets.

The sources deployed for the calibration of the
SNO detector are listed in Table 1. A manipulator
device allows movement of these sources in a large

Table 2.Data reduction steps

Analysis step Number of events

Total event triggers 355 320 964

Neutrino data triggers 143 756 178

Nhit ≥ 30 6 372 899

Instrumental background cuts 1 842 491

Muon followers 1 809 979

High level cuts∗ 923 717

Fiducial volume cut 17 884

Threshold cut 1169

Total events 1169

∗ Reconstruction figures of merit, prompt light, and 〈θij〉.
PH
fraction of the AV volume. The laser ball is a diffuser
mounted at the end of a fiber-optic cable from a
nitrogen or dye laser. The laser provides light pulses
of 600 ps at a rate up to 45 Hz. Used directly or as
a pump to other dye lasers, it covers the wavelength
range 337–620 nm. The light pulse at the diffuser is
about 2 ns FWHM.

The 16N source provides essentially monoener-
getic electrons. 16N is a β-delayed γ emitter with a
branching ratio of 66% and a predominant γ energy of
6.131 MeV. The β particle is tagged by a scintillator.
The source can provide an event rate of 50 Hz. The
7.13-s half-life 16N is produced by exposing gaseous
CO2 to a d–t neutron generator located 50 m from
the cavity. The gas is quickly transferred in a capillary
tube to a decay chamber attached to the manipulator
in the heavy water.

Calibration of the PMT time and charge pedestals,
slopes, offsets, charge vs. time dependences, and
second-order rate dependences are performed using
electronic pulsers and pulsed light sources.

Figure 1 illustrates data obtained from calibra-
tion sources. For every source, the data is plotted
using symbols and the corresponding Monte Carlo
predictions using a histogram, except for the CC
reaction Monte Carlo prediction, which is represented
by stars. The normalized distributions are plotted as
a function of the number of hit PMTs. The absolute
energy scale and uncertainties are established with
the triggered 16N source (circles) deployed over two
planar grids within the D2O and a linear grid in the
YSICS OF ATOMIC NUCLEI Vol. 65 No. 12 2002
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Fig. 1. Energy calibration of the SNO detector. The absolute energy scale and uncertainties are established with the triggered
16N source (circles). The resulting Monte Carlo predictions of detector response (histograms) are tested using a 3H(p, γ)4He
source providing 19.8-MeV γ rays (triangles). The shape of the CC reaction Monte Carlo prediction is represented by stars.
H2O. The resulting Monte Carlo predictions of de-
tector response are tested using a 3H(p, γ)4He [10]
source, which provides 19.8-MeV γ rays (triangles),
and a 252Cf neutron source (Fig. 2), which provides an
extended distribution of 6.25-MeV γ rays from neu-
tron capture. The volume-weighted mean response is
approximately nine PMT hits per 1 MeV of electron
energy.

Table 2 details the steps in data reduction. The
first is the elimination of instrumental backgrounds.
Electrical pickup may produce false PMT hits, while
electrical discharges in the PMTs or insulating detec-
tor materials produce light. These backgrounds have
characteristics very different from Cerenkov light and
are eliminated using cuts based only on the PMT
positions, the PMT time and charge data, event-to-
event time correlations, and veto PMTs. This step
in the data reduction is verified by comparing results
from two independent background rejection analyses.

For events passing the first stage, the calibrated
times and positions of the hit PMTs are used to re-
construct the vertex position and the direction of the
particle. The reconstruction accuracy and resolution
are measured using Compton electrons from the 16N
source, and the energy and source variation of recon-
struction are checked with a 8Li β source. Angular
PHYSICS OF ATOMIC NUCLEI Vol. 65 No. 12 20
resolution is measured using Compton electrons pro-
duced more than 150 cm from the 16N source. At
these energies, the vertex resolution is 16 cm and the
angular resolution is 26.7◦.

An effective kinetic energy, Teff, is assigned to each
event passing the reconstruction stage. Teff is calcu-
lated using prompt (unscattered) Cerenkov photons
and the position and direction of the event. The de-
rived energy response of the detector can be charac-
terized by a Gaussian:

R(Eeff, Ee) =
1√

2πσE(Ee)
exp

{
−1

2

(
Eeff − Ee

σE(Ee)

)2
}
,

whereEe is the total electron energy,Eeff = Teff +me,
and σE(Ee) = (−0.4620 + 0.5470

√
Ee +

0.008722Ee) MeV is the energy resolution. The
uncertainty on the energy scale is found to be±1.4%,
which results in a flux uncertainty nearly 4 times
larger. For validation, a second energy estimator
counts all PMTs hit in each event, Nhit, without
position and direction corrections.

Further instrumental background rejection is ob-
tained using reconstruction figures of merit, PMT
time residuals, and the average angle between hit
PMTs, 〈θij〉, measured from the reconstructed vertex.
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Fig. 2. Another test of the Monte Carlo prediction (histogram) of detector response to a 252Cf neutron source, which provides
an extended distribution of 6.25-MeV γ rays from neutron capture (squares).
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6.75 MeV as a function of the volume-weighted radial
variable (R/RAV)3. The Monte Carlo simulation of the
signals, weighted by the results from the signal extrac-
tion, is shown as a histogram. The dotted vertical line
indicates the fiducial volume cut used in this analysis.

These cuts test the hypothesis that each event has the
characteristics of single-electron Cerenkov light, as
shown in Fig. 3.

The effects of these and the rest of the instrumen-
tal background removal cuts on neutrino signals are
quantified using the 8Li and 16N sources deployed
throughout the detector. The volume-weighted neu-
trino signal loss is measured to be 1.4+0.7

−0.6%, and
the residual instrumental contamination for the da-
ta set within the D2O is <0.2%. Lastly, cosmic-
ray-induced neutrons and spallation products are re-
moved using a 20-s coincidence window with the
parent muon.

Figure 1 shows the radial distribution of all re-
maining events above a threshold of Teff ≥ 6.75 MeV.
The distribution is expressed as a function of the
volume-weighted radial variable (R/RAV)3, where
RAV = 6.00 m is the radius of the acrylic vessel.
Above this energy threshold, there are contributions
from CC events in the D2O, ES events in the D2O
and H2O, a residual tail of neutron capture events,
and high-energy γ rays from radioactivity in the outer
detector. The data show a clear signal within the
D2O volume. For (R/RAV)3 > 1.0, the distribution
rises into the H2O region until it is cut off by the
acceptance of the PMT light collectors atR ∼ 7.0 m.
A fiducial volume cut is applied at R = 5.50 m to
reduce backgrounds from regions exterior to the D2O
PHYSICS OF ATOMIC NUCLEI Vol. 65 No. 12 20
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Fig. 5. Time evolution of the concentrationof 222Rn (top),
224Ra (middle), and 226Ra (bottom) in the D2O as mea-
sured by low-level radioassays. Target levels correspond
to a neutron production rate by deuteron photodisintegra-
tion of about 5% of the predicted neutron production rate
from the NC reaction using the Solar Standard Model
flux. The vertical dotted lines indicate the pure D2O data-
taking period.

and to minimize systematic uncertainties associated
with optics and reconstruction near the acrylic vessel.

Possible backgrounds from radioactivity in the
D2O and H2O are measured by regular low-level
radioassays of U and Th decay chain products in these
regions, as shown in Figs. 5 and 6. Four complemen-
tary techniques have been developed by SNO to mea-
sure the purity of the detector water. Three methods
illustrated by Fig. 7 are based on discharging water to
an external extraction system where a chemical sepa-
ration of Ra, Th, or Rn is performed; the other method
uses the Cherenkov light signals from the photomul-
tipliers to directly infer the concentrations of 214Bi and
208Tl. In the MnOx assay method, water is passed
through columns that contain beads coated with a
manganese oxide compound. The coating extracts Ra
from the flowing water and, to a lesser extent, other
dissolved species, such as Th and Pb. After a large
volume of water has passed through the columns,
they are removed and dried. The Rn produced from
Ra decay is swept from the columns into an elec-
trostatic chamber, where it decays. The charged Po
ions from the decay of Rn are carried by the electric
field onto an alpha counter, where the decays of the
Po are detected. In the second assay method, water
02
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low-level radioassays. Here, the target levels are set to reduce the fraction of β–γ events reconstructed inside 6 m. The vertical
dotted lines indicate the period of taking pure H2O data.
from the detector is discharged through a degasser to
liberate Rn. The Rn is purified and collected, and its
alpha decays are counted in a Lucas cell scintillator
chamber on a photomultiplier. Since there is a delay of
at least an hour between collection and counting, all
220Rn will have decayed, so this method is sensitive
only to the U chain contamination from 222Rn. In the
third chemical assay method, the water is discharged
over a filter coated with an adsorber of hydrous tita-
nium oxide (HTiO). After water discharge, the filter is
eluted with acid to remove the extracted Ra, Th, and
Pb. These elements are then concentrated and mixed
with liquid scintillator, and the β–α coincidences of
212Bi and 214Bi are detected with a photomultiplier.
The potential sensitivity of the HTiO technique for
the assay of 212Pb is currently being investigated.
The radioassay techniques and the direct counting
method will be described elsewhere. As illustrated by
Figs. 5 and 6, the backgrounds are very low. The low-
energy radioactivity backgrounds are removed by the
high threshold imposed, as are most neutron-capture
events.

Monte Carlo calculations predict that the H2O
shield effectively reduces contributions of low-energy
(<4 MeV) γ rays from the PMT array, and these
predictions are verified by deploying an encapsulated
PH
Th source in the vicinity of the PMT support sphere.
High-energy γ rays from the cavity are also attenu-
ated by the H2O shield. A limit on their leakage into
the fiducial volume is estimated by deploying the 16N
source near the edge of the detector’s active volume.
The total contribution from all radioactivity in the
detector is found to be <0.2% for low-energy back-
grounds and <0.8% for high-energy backgrounds.

The final data set contains 1169 events after the
fiducial volume and kinetic energy threshold cuts.
Figure 8a displays the distribution of cos θ�, the an-
gle between the reconstructed direction of the event
and the instantaneous direction from the Sun to the
Earth. The forward peak in this distribution arises
from the kinematics of the ES reaction, while CC
electrons are expected to have a distribution that is
(1 − 0.340 cos θ�) [11] before accounting for detector
response.

The data are resolved into contributions from CC,
ES, and neutron events above threshold using prob-
ability density functions (pdfs) in Teff, cos θ�, and
(R/RAV)3, generated from Monte Carlo simulations
assuming no flavor transformation and the shape of
the standard 8B spectrum [12] (hep neutrinos are
not included in the fit). The extended maximum like-
lihood method used in the signal extraction yields
YSICS OF ATOMIC NUCLEI Vol. 65 No. 12 2002
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975.4 ± 39.7 CC events, 106.1 ± 15.2 ES events, and
87.5 ± 24.7 neutron events for the fiducial volume and
the threshold chosen, where the uncertainties given
are statistical only. The dominant sources of system-
atic uncertainty in this signal extraction are the en-
ergy scale uncertainty and reconstruction accuracy,
as shown in Table 3. The CC and ES signal decom-
position gives consistent results when used with the
Nhit energy estimator, as well as with different choices
of the analysis threshold and the fiducial volume up to
6.20 m with backgrounds characterized by pdfs.

The CC spectrum can be extracted from the data
by removing the constraint on the shape of the CC pdf
and repeating the signal extraction.

Figure 8b shows the kinetic energy spectrum with
statistical error bars, with the 8B spectrum of Or-
tiz et al. [12] scaled to the data. The ratio of the
data to the prediction [7] is shown in Fig. 8c. The
bands represent the 1σ uncertainties derived from the
most significant energy-dependent systematic errors.
There is no evidence for a deviation of the spectral
shape from the predicted shape under the nonoscil-
lation hypothesis.

Normalized to the integrated rates above the ki-
netic energy threshold of Teff = 6.75 MeV, the mea-
sured 8B neutrino fluxes assuming the standard spec-
trum shape [12] are

φCC
SNO(νe) = [1.75 ± 0.07 (stat.)+0.12

−0.11 (syst.)

± 0.05 (theor.)] × 106 cm−2 s−1,

φES
SNO(νx) = [2.39 ± 0.34 (stat.)+0.16

−0.14 (syst.)]

× 106 cm−2 s−1,

where the theoretical uncertainty is the CC cross-
section uncertainty [13]. Radiative corrections have
PHYSICS OF ATOMIC NUCLEI Vol. 65 No. 12 20
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not been applied to the CC cross section, but they are
expected to decrease the measured φCC(νe) flux [14]
by up to a few percent. The difference between the 8B
flux deduced from the ES rate and that deduced from
the CC rate in SNO is (0.64 ± 0.40) × 106 cm−2 s−1,
or 1.6σ. SNO’s ES rate measurement is consis-
tent with the precision measurement by the Super-
Kamiokande collaboration of the 8B flux using the
same ES reaction [5]:

φES
SK(νx) = [2.32 ± 0.03 (stat.)+0.08

−0.07 (syst.)]

× 106 cm−2 s−1.

The difference between the flux φES(νx) measured
by Super-Kamiokande via the ES reaction and the
φCC(νe) flux measured by SNO via the CC reaction is
02
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(0.57 ± 0.17) × 106 cm−2 s−1, or 3.3σ [15], assuming
that the systematic errors are normally distributed.
The probability that a downward fluctuation of the
Super-Kamiokande result would produce a SNO re-
sult ≥3.3σ is 0.04%. For reference, the ratio of the
SNO CC 8B flux to that of the BPB01 Solar Model [7]

Table 3. Systematic error on fluxes

Error source CC error, % ES error, %

Energy scale −5.2, +6.1 −3.5, +5.4
Energy resolution ±0.5 ±0.3
Energy scale nonlinearity ±0.5 ±0.4
Vertex accuracy ±3.1 ±3.3
Vertex resolution ±0.7 ±0.4
Angular resolution ±0.5 ±2.2
High-energy gammas −0.8, +0.0 −1.9, +0.0
Low-energy background −0.2, +0.0 −0.2, +0.0
Instrumental background −0.2, +0.0 −0.6, +0.0
Trigger efficiency 0.0 0.0
Live time ±0.1 ±0.1
Cut acceptance −0.6, +0.7 −0.6, +0.7
Earth orbit eccentricity ±0.1 ±0.1
17O, 18O 0.0 0.0
Experimental uncertainty −6.2, +7.0 −5.7, +6.8
Cross section 3.0 0.5
Solar Model −16, +20 −16, +20
PH
is 0.347 ± 0.029, where all uncertainties are added in
quadrature.

These data are evidence of a nonelectron active fla-
vor component in the solar-neutrino flux. These data
are also inconsistent with the “Just-So2” parameters
for neutrino oscillation [16].

Figure 9 displays the inferred flux of nonelectron
flavor active neutrinos (φ(νµτ )) against the flux of
electron neutrinos. The two data bands represent the
one standard deviation measurements of the SNO
CC rate and the Super-Kamiokande ES rate. The
error ellipses represent the 68, 95, and 99% joint
probability contours for φ(νe) and φ(νµτ ). The best
fit to φ(νµτ ) is

φ(νµτ ) = (3.69 ± 1.13) × 106 cm−2 s−1.

The total flux of active 8B neutrinos is determined
to be

φ(νx) = (5.44 ± 0.99) × 106 cm−2 s−1.

This result is displayed as a diagonal band in Fig. 9
and is in excellent agreement with predictions of stan-
dard solar models [7, 8].

Assuming that the oscillation of massive neutri-
nos explains both the evidence for electron-neutrino
flavor change presented here and the atmospheric
neutrino data of the Super-Kamiokande collabora-
tion [17], two separate splittings of the squares of the
neutrino mass eigenvalues are indicated: <10−3 eV2

for the solar sector [16, 18] and �3.5 × 10−3 eV2

for atmospheric neutrinos. These results, together
YSICS OF ATOMIC NUCLEI Vol. 65 No. 12 2002
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with the β spectrum of tritium [19], limit the sum of
mass eigenvalues of active neutrinos to be between
0.05 and 8.4 eV, corresponding to a constraint of
0.001 < Ων < 0.18 for the contribution to the critical
density of the Universe [20, 21].

In summary, the results presented here are the first
direct indication of a nonelectron flavor component in
the solar-neutrino flux and enable the first determina-
tion of the total flux of 8B neutrinos generated by the
Sun.
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Abstract—The solar neutrino capture rate measured by the Russian–American Gallium Experiment
on a metallic gallium target SAGE during the time from January 1990 through December 2000 is
77.0+6.2

−6.2
+3.5
−3.0 SNU, where the uncertainties are statistical and systematic, respectively. The experimental

procedures and data analysis are presented. c© 2002 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

Models describing the processes of nuclear fusion
in the Sun have been very successful in explaining
numerous solar features. Although these models have
had great success, the deficit in the solar neutrino
flux relative to the predictions of the Standard Solar
Model (SSM) still remains one of the outstanding
problems. For 30 years, the Homestake chlorine ex-
periment [1] has consistently observed a flux 33% of
that predicted by SSM. In the mid-1980s, the water
Cherenkov detector (Kamiokande) began its mea-
surement of the solar neutrino flux that is 54% of the
SSM, and the results from Super-Kamiokande are in
agreement with its predecessor [2]. In the middle of
2001, results of measurements of a high-energy 8B
neutrino flux from the Sudbury Neutrino Observa-
tory (SNO)—a new high-rate real-time detector—
were presented [3]. The elastic scattering results of
Super-Kamiokande and the charge current results
from SNO indicate that, in addition to electron neu-
trinos, active neutrinos of other flavors originate from
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2)Louisiana State University, Baton Rouge, LA 70803, USA.
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the Sun. Since the Sun produces only electron neu-
trinos, these results are interpreted as strong evidence
for neutrino oscillation in the solar sector. But despite
this progress with the new generation of large water
Cherenkov detectors, there has been no new infor-
mation on the region of the solar neutrino spectrum
below 6 MeV that contains the proton–proton (pp)
and CNO spectra as well as the 7Be and pep lines.

In the early 1990s, the Russian–American Gal-
lium Experiment (SAGE) [4] and the Gallium Ex-
periment (GALLEX) [5] began measuring the low-
energy neutrinos from the pp fusion reaction on
the Sun using Ga as a target material [6]. Be-
cause of the low threshold of 233 keV, the reaction
71Ga(νe, e

−)71Ge provides the only feasible means
at present to measure the predominant pp neutrinos
that are directly related to the solar luminosity and are
insensitive to alterations in the solar models. SSM
calculations [7] show that the dominant contribution
to the total expected capture rate in 71Ga 129+8

−6 SNU
arises from the pp neutrinos and is 69.6 SNU, where
1 SNU = 1 interaction/s in a target that contains
1036 atoms of the neutrino-absorbing isotope. Con-
tributions by 7Be and 8B neutrinos are 34.4 and
12.4 SNU, respectively. The uncertainty to variation
in the SSM for Ga is seen in the independently
calculated result of 127.2 SNU [8] for the total
capture rate.

2. THE SAGE EXPERIMENT
The SAGE detector is situated in a specially built

underground laboratory at the Baksan Neutrino Ob-
2002 MAIK “Nauka/Interperiodica”



SOLAR NEUTRINO RESULTS 2157

 

0
1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000

100

200

300

400

Capture rate, SNU

Mean extraction time

 

1 2 3 4

L

K

K 

 

only

 

K

 

 + 

 

L

Fig. 1. Capture rate for each extraction as a function of time. All uncertainties are statistical. The symbols 1, 2, and 3 show the
combined result for SAGE I, II, and III, respectively. The symbol 4 shows the total combined result.
servatory in the Northern Caucasus Mountains. It
is located 3.5 km from the entrance of a horizontal
adit excavated into the side of Mount Andyrchi and
has an overhead shielding of 4700 mwe. Today, about
50 t of Ga are contained in seven chemical reactors
with approximately the same amount of Ga in each
of them. The data span a 10-yr period during which
many improvements to the experiment were made.
As a result, the data naturally divide into three peri-
ods differentiated by experimental conditions. SAGE I
refers to extractions on approximately 30 t of Ga
beginning in 1989 with backgrounds becoming low
enough to begin solar neutrino extractions in 1990.
In the summer of 1991, the extraction mass was
increased to nearly 60 t. The majority of those data
were taken without digitized waveforms, and thus
electronic noise levels were such that the L peak
was inaccessible. After SAGE I was completed, the
experiment was greatly improved with respect to elec-
tronic noise, and the analysis of the L-peak region
became tractable. The period of data taking from
September 1992 through December 1994 is referred
to as SAGE II. The majority of SAGE II data had
waveform recording capability. Only extractions for
which we have waveform data are analyzed in the
L-peak region. Beginning in December of 1994, an
experiment using a 51Cr source was undertaken; we
refer to all data taken after January 1995 as SAGE III.

3. EXPERIMENTAL PROCEDURES

Each measurement of the solar neutrino flux be-
gins by adding to the gallium approximately 350 µg
of stable Ge carrier (distributed equally among all
PHYSICS OF ATOMIC NUCLEI Vol. 65 No. 12 20
of the reactors) as a Ga–Ge alloy with known Ge
content. The reactor contents are stirred thoroughly
to disperse the carrier throughout the Ga metal. After
exposure time of about one month, the Ge carrier with
71Ge atoms produced in solar neutrino interactions
are extracted from the Ga using procedures described
elsewhere [4]. The final step of the chemical extraction
procedure is the synthesis of germane (GeH4), which
is used as a proportional counter (PC) gas with an
admixture of Xe. The total efficiency of extraction,
now typically 90%, is determined by measuring the
germane volume.

The PC with extracted germanium is placed in a
passive shield of the eight-channel counting system,
where it is counted for about five months. 71Ge decays
via electron capture with a half-life of 11.43 d with
Auger electron emission [9]. The pulse spectrum of
71Ge decays in the PC contains three peaks of 10.4,
1.2, and 0.1 keV (K, L, and M peaks). The energy
region of our counting system (from 0.3 to 16 keV) al-
lows us to detect K and L events. To minimize noises
and backgrounds, we analyze the waveform of each
pulse written by the digital oscilloscope. Short tracks
of Auger electrons in the countig gas make a low rise
time of the waveform in contrast to long trecks of
background particles. The active shield on the basis of
the NaI crystal detects γ radiation accompanying the
PC pulses. Thus, the criteria we use to select 71Ge
events are as follows: (i) the amplitude of the pulse
falls inside the K- or L-energy region; (ii) the rise
time is less than 18.4 ns for the K-peak event and
10 ns for the L-peak event; (iii) there is no γ radiation
accompanying the pulse.
02
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A summary of systematic effects and their uncertainties in
SNU (The values for extraction and counting efficiencies
are based on the rate of 77 SNU)

Extraction efficiency Ge carrier mass ±1.6

Extracted Ge mass ±1.9

Residual carrier Ge ±0.6

Ga mass ±0.2

Counting efficiency Counter effects ±1.9

Gain shifts +2.4

Resolution −0.4, +0.5

Rise time limits ±0.7

Lead and exposure times ±0.6

Background Neutrons, U, Th, muons <−0.07

Other Ge isotopes <−0.07

External radon 0.0

Internal radon <−0.2

Total −3.5, +4.1

4. STATISTICAL ANALYSIS

The sets of selected events gathered after the end
of counting are analyzed by the likelihood method
on the assumption that the events were detected
from exponentially decaying 71Ge and that there is
some constant for the measurement background pro-
cess [10]. The maximum of the likelihood function
built by multiplication of the likelihood function for
each data set indicates the production rate of 71Ge,
and the width of the function gives us the statistical
uncertainty of our result.

The results of individual run analyses with 68%
statistical uncertainty are plotted in Fig. 1. Combin-
ing the total data set over the three periods of SAGE,
the statistical result of the 136 separate counting sets
is 77.0+6.2

−6.2 SNU. If one considers theK-peak and L-
peak data independently, the results are 82.8+7.9

−7.6 and
66.5+10.2

−9.8 SNU, respectively. The agreement between
the two peaks serves as a strong check on the robust-
ness of the event selection criteria.

5. SYSTEMATIC EFFECTS

The table summarizes the systematic effects that
may affect the measured solar neutrino production
rate. We have three main categories of systemat-
ics: extraction efficiencies, counting efficiencies, and
backgrounds. Certain of them are discussed below.
PH
Extensive measurements were performed on all
the PCs used in SAGE counting to establish their
efficiencies and the associated uncertainties. A se-
ries of three separate measurements using PCs filled
with 37Ar, 71Ge, and 69Ge was employed to establish
the counter efficiencies. The uncertainties in the effi-
ciencies are composed of the volume efficiency, end
effects, and gas efficiency. Adding the uncertainties
from each of these effects in quadrature gives a ±2.8%
uncertainty due to the counters.

Some contribution to the 71Ge signal is made by
background processes. Limits on the creation of Ge
isotopes through the (n, p) reaction on Ga and by
cosmic ray muons come from measurements of both
the fast neutron [11] and muon fluxes [12] in the Ga
chamber. The production of the germanium isotopes
in (α, p) reactions depends on the concentrations of
U and Th in the target. The concentrations of U and
Th in the Ga were measured independently by low-
background counting in a Ge detector and by glow
discharge mass spectrometry. No observable level of
U or Th was found, and upper limits are given in the
table.

The radon background is a problem for any low-
background experiment. Decays of radon and its
daughters make false 71Ge pulses in the PC. To
determine the influence of radon in the counting gas
of the counters, we carried out measurements with
a counter with a large amount of radon inside. On
the basis of the measurements, we calculated pulse
spectra from decays of each radon chain element
in the counter. The initial α from the chain makes
a pulse overflow the energy range of the counting
system. To minimize the radon influence on the
SAGE data, we use a time cut of 15 min before and of
3 h after each overflow event. The probability of a false
71Ge event from one radon decay in the counter after
the 71Ge pulse selection criteria is about 4 × 10−4 for
the L peak and 8 × 10−4 for the K peak. Since the
mean value of the overflow pulses per run assigned
to 222Rn is 7.7 and the mean value of 71Ge events
per run is 2.3 for the L peak and 2.8 for the K peak,
the relative systematic error due to radon is found to
be 0.1% for the L peak and 0.2% for the K peak. It
corresponds to 0.2 SNU [13]. The contribution to the
71Ge signal from other germanium isotopes 68Ge and
69Ge was estimated using calculations on the basis of
measurements with muon beams and α and neutron
sources [4, 14, 15].

A large time of measurements allows us to make a
direct search for some kinds of systematic uncertain-
ties in the solar neutrino data. We carried out a search
for 68Ge and 69Ge events in our data. Our counting
system allows us to detect 68Ge and 69Ge decays
with about 3% and 5% efficiency, respectively [16].
YSICS OF ATOMIC NUCLEI Vol. 65 No. 12 2002
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Fig. 2.Count rate for all runs in L and K peaks. The solid
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of 71Ge plus a constant background. The vertical error
bar at each point is proportional to the square root of the
number of counts and is shown only to give the scale of
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The number of recognized 68Ge events (4.5 events in
32 runs) gives the production rate of the isotope about
6.5 times higher than expected, but with a 100%
statistical error. Since the production rate of 69Ge
does not exceed the expected value, one can explain
the discrepancy for 68Ge by possible underestimation
of the cosmic ray muon background. But we want to
carry out measurements with a part of our gallium
target (maybe 7 t) in the Baksan Underground Scin-
tillation Telescope, where the cosmic ray muon flux is
about 1000 times higher than in the Ga chamber.

6. RESULTS

The global best fit capture rate for the 136 separate
counting sets of SAGE I, SAGE II, and SAGE III
is 77.0+6.2

−6.2 SNU, where the uncertainty is statistical
only, or 77.0+7.1

−6.9 SNU, where statistical and system-
atic uncertainties are combined in quadrature. There
are 360.7 counts assigned to 71Ge among 1594 se-
lected events. The total counting lifetime is 27.1 yr.
The probability of the global fit that corresponds to
von Mises statistics of Nω 2 = 0.049 is 79%.

Consistency of the data with the analysis hypothe-
ses is shown by the best fit of the 71Ge half-life
PHYSICS OF ATOMIC NUCLEI Vol. 65 No. 12 20
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Fig. 3. Measured capture rate for all SAGE data sets
(jagged curve) and the expected distribution derived
by 1000 Monte Carlo simulations of each set (smooth
curve). The capture rate in the simulations was assumed
to be 77 SNU.

of 10.2+1.6
−1.4 d, which is close to its tabular value of

11.43 d. Figure 2 shows the count rate of events
selected in L and K peaks in comparison with the
71Ge decay curve against the constant background.

Another important hypothesis that we use in the
analysis is constancy of the production rate of 71Ge in
time. The cumulative distribution of the 71Ge produc-
tion rate in the Ga target for each data set is shown in
Fig. 3. The consistency of the data with the constant
71Ge production rate of 77 SNU has the probability of
12%.

The results of the calibration experiment with a
517-kCi 51Cr neutrino source performed in 1995 co-
incided with the one expected in [14].

7. CONCLUSION

Ten years of measurement of the solar neu-
trino flux give the capture rate of 77.0+6.2

−6.2 SNU,
where the uncertainty is statistical only. The system-
atic effects give the total systematic uncertainty of
+3.5/−3.0 SNU, considerably smaller than the sta-
tistical one. We have examined the counting data
and have shown that there is good evidence that
71Ge is being counted, that the counting data fit the
analysis hypotheses, and that the counting data are
self-consistent.

The SAGE result of 77 SNU represents 60% [7, 8]
of SSM predictions. Given the extensive systematic
checks and auxiliary measurements that have been
performed, especially the 51Cr neutrino source exper-
iment [17], this 6σ reduction in the solar neutrino flux
compared to SSM predictions is very strong evidence
02
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that the solar neutrino spectrum below 2 MeV is
significantly depleted, as was previously shown for the
8B flux by the Cl and Super-Kamiokande and SNO
experiments. Now, gallium detectors remain the only
technique able to monitor low-energy solar neutrinos.
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Abstract—The LENS detector is a νe-flavor real-time detector for measurement of low-energy solar
neutrino flux and spectral shape, specifying the pp and 7Be neutrinos individually. It will complement
future low-energy neutrino experiments (BOREXINO, HELLAZ, GENIUS), all of which are scattering
experiments. The main goal of the LENS collaboration is to develop final formulation of Yb- and In-
loaded liquid scintillators and to build a prototype of suitable volume to study the backgrounds and detector
performance. c© 2002 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

The solar neutrino experiments Chlorine [1], Su-
per-Kamiokande [2], GALLEX [3], and SAGE [4]
have observed neutrino fluxeswith substantially lower
intensity than the Standard Solar Model (SSM) has
predicted. This discrepancy constitutes the so-called
solar neutrino problem. Most physicists consider the
solution of this problem to lie in new physics, namely,
physics of flavor oscillation of massive neutrinos. The
flavor oscillation models are based on either vacuum
oscillation (“just-so” mechanism) or matter conver-
sion (MSW effect) with distinct sets of neutrino pa-
rameters. These scenarios have very different predic-
tions on the solar neutrino spectral distortion. The ex-
cellent Sudbury Neutrino Observatory (SNO) mea-
surement [5] of the CC rate for solar neutrino absorp-
tion by deuterium provided dramatic and convincing
evidence for neutrino oscillations and has strength-
ened the case for active oscillations with large mixing
angles. Nevertheless, even this measurement has not
qualitatively changed the globally allowed solution
space for solar neutrinos [6].

Thus, the scenarios for flavor conversion will likely
be discriminated through measurement of the solar
neutrino flux, including temporal variations, at all en-
ergies and for all neutrino species. The robust predic-
tions of the SSM are for the pp, pep, and 7Be fluxes,
the pp flux being most strongly constrained by the
solar luminosity. In this context, it is no surprise that
real-time detection of the complete νe spectrum from
the Sun and source-specific fluxes is of crucial impor-
tance for solving the solar neutrino problem. Only the

∗This article was submitted by the author in English.
**e-mail: kornoukhov@mail.ru
1063-7788/02/6512-2161$22.00 c©
integral signal rate above a threshold from the low-
threshold Ga detectors has been available until now,
but not the fluxes from specific solar neutrino sources.
So far, there exist several proposals to measure the pp
flux in real time: HERON [7], GENIUS [8], HELLAZ
[9], MOON [10], and LENS [11, 12]. The first three
experiments are based on neutrino–electron scatter-
ing, which is caused by both the neutral and the
charged weak currents; thus, the signal is determined
by the flavor composition of the incident neutrino.
The scientific aim of MOON and LENS is direct
observation of the specific νe fluxes from pp, 7Be, and
CNO reactions. In this paper, we discuss the LENS
(low-energy solar spectroscopy) project.

2. THE DETECTION PRINCIPLE: 176Yb
AND 115In CASES

The detector LENS is based on charged cur-
rent (inverse β−) transitions on a target of ytter-
bium/indium to excited levels in lutetium/tin (Figs. 1
and 2).

Neutrino capture by the 176Yb nucleus results in
a 194.5-keV excited isomer and 339-keV excited
states in 176Lu, which decay to the 123-keV long-
lived isomer state in 176Lu with a time delay of 50 ns
(so-called “tagged” event). These neutrino events
have a highly specific signature of two events pro-
duced at the same point in the detector with an aver-
age delay time: a prompt electron with energyEν −Q
and a 72-keV γ ray. Such a signature gives the possi-
bility of discriminating the neutrino signal against the
background by a factor of 106.

Neutrino capture in 115In leads to the 613-keV
isomeric state in 115Sn with the emission of a prompt
2002 MAIK “Nauka/Interperiodica”
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Fig. 1. The structure of 176Yb–176Lu–176Hf levels and
tag (energy in keV): (left) the neutrino lines from the Sun
and (right) 51Cr and 75Se neutrino sources.

electron e1. The transition can be tagged by the de-
layed coincidence with the cascade [(e/γ)2 + γ3] with
energy of (115 + 495) keV and a tag time of 4.76 µs.
This reaction can also be identified in detail by addi-
tional spatiotemporal coincidences [12]. Notice that
energies of the e1 − (e/γ)2 event are deposited in
spatial coincidence in a primary “microcell” (µ cell)
and an energy γ3 event is deposited in a “macrocell”
surrounding the primary µ cell. The neutrino thresh-
olds Q = 301 keV (176Yb) and 118 keV (115In) imply
sensitivity to the complete spectrum of low-energy
solar neutrinos identifying the pp and 7Be fluxes.

Charge exchange (p, n) and (3He, t) measure-
ments on 176Yb and 115In gave the values of a matrix
element BG(GT) equal to 0.20 and 0.11 for the 195-
and 339-keV exited states of 176Lu respectively [13,
14]. Charge exchange (p, n) measurements on 115In
indicate a νe capture matrix element B(GT) of 0.17
[12]. The results are attractive because of the reason-
able rates per ton of Yb and even a 10 times larger
one for In (due to 95.7% isotopic abundance of 115In).
A 20-t ytterbium target could detect about 180 pp
events and 140 7Be events per year, and a 4-t indium
target could detect 377 events of pp and 102 events of
7Be neutrinos.

As envisaged from the beginning, the basicmethod
for implementation of the LENS detector is the
scintillator technique. The main technology for the
Yb/In-loaded scintillator now under study is a liquid
scintillator (LS) doped (up to 10% by mass) with
natural Yb/In.

The detector consists of modules (segmentation
design). The main parameters for a good detection of
the signal with the LS are as follows:

The light output of the loaded scintillator should
be no less than 50% of that of the unloaded scintilla-
PH
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Fig. 2. The 115In–115Sn levels and tags (energy values in
keV).

tor, as one needs to detect an energy release of 50–
100 keV.

The light transmission length is several meters.
Fast pulse timing, in order to identify pulses sepa-

rated by tens of ns.
Long-term stability over periods of several years.

3. THE BACKGROUND: 176Yb
AND 115In CASES

The neutrino signature in LENS is a delayed coin-
cidence between at least two pulses occurring at the
same point in the detector.

3.1. 176Yb Case
The background can be classified in three different

categories:
Self-correlation (SC) of single pulses. These SC

events mimic the low energy of the tag (72 keV) in
the short tag time of about 50 ns. The main defense
against SC is a minimum delay cut (MDC) in the νe

tag at the cost of signal efficiency (see below).
Accidental background. Random coincidence be-

tween two uncorrelated single pulses is responsible
for this type of background. The rate will depend upon
the contamination of the detector in α, β, and γ emit-
ters plus the fraction of radiation from the environ-
ment (γ rays, neutrons) able to reach the detector, and
the coincidence rate will be inversely proportional to
the spatial granularity of the detector (η ∼ 104). For
the time gate τ ∼ 100 ns, the tolerant level of U/Th
concentration is 0.1 ppb and natK/natLu is 0.1 ppm.

Correlated background. Two sources of correlated
background in the LENS detector are coincident cas-
cades from two specific impurities, 235U and 176Lu, in
the Yb material.

Lutetium contains 2.6% long-lived 176Lu that
emits the (βγ) cascade with an energy and a time
YSICS OF ATOMIC NUCLEI Vol. 65 No. 12 2002
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profile similar to the neutrino tag. The 176Lu decay
is relevant despite the short lifetime of 2 ns because
its specific activity is high. At 0.1 ppm of Lu in Yb,
the Lu false events reduce to∼ 4/yr if MDC = 40 ns,
entailing a signal loss of∼ 55%. There is a possibility
of producing Yb with displacement ion exchange
complexing chromatography with a purity of ∼ 1 ppb
of natLu. A laboratory test was done [15]; proper
equipment and industrial-scale technology exist in
Russia. The 235U isotope (natural abundance 0.72%)
emits a delayed (βγ) cascade 235U → 231Pa that
closely mimics the pp signal tag. A purity as high as
10−17 g 235U/g is required to keep this background
at a sufficiently low level. A purity at the level 10−12 g
natU/g can be achieved in Yb because the rare-earth
industry uses extractants which are several orders
of magnitude more efficient for actinides than rare
earths. Then the isotope dilution technique with U
carrier depleted in 235U should be applied [16]. To
purify 20 t of Yb, the Institute of Theoretical and
Experimental Physics (Moscow) has 6 g of 238U
depleted in 235U at a level of 0.2 ppm.

3.2. 115In Case
The sources of background arise from the follow-

ing:
Intense beta decay of 115In (T1/2 = 5 × 1014 yr).

The practical signal rate in In (taking into account
a tag efficiency and time window) is about 10−7 s−1.
The specific activity of In is 0.25 Bq/t; thus, the single
rate is 106 s−1 in 4 t. As a result, the basic design fea-
ture needed is detector granularity η = (1–5) × 104.

Bremsstrahlung (BS) of In beta-decay electrons.
The β particles radiate BS which can mimic the neu-
trino tag ((e/γ)2 + γ3) because these β particles can
deposit 50 keV or more of its kinetic energy in a µ
cell and radiate the rest into the macrocell, insepa-
rable from the neutrino tag. The BS problem is thus
more difficult than the beta decay. The only defense is
discrimination of the νe tag energy of 613 keV from
the 495-keV BS endpoint. This is why the LS energy
resolution is so important for this detector.

Radioimpurities. (βγ) Cascades from radioimpu-
rities in the In LS can also mimic ((e/γ)2 + γ3) in
a similar way as BS. Even single gammas could
mimic the ((e/γ)2 + γ3) tag with a high probability,
e.g., gammas from 40K, 208Tl, and 214Bi which are
present as an impurity in LS or in the surrounding
environment. To reject these events, one needs to
check candidate events in an expanded macrocell.
The tolerant level of the U/Th concentration is 1 ppt
and natK is 1 ppb, which are feasible at the industrial
scale of In production.
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4. CALIBRATION WITH NEUTRINO
SOURCE(S)

Interpretation of such experiments has one major
problem: the neutrino cross section for the transition
to 176Yb/115In to the excited states of 176Lu/115Sn
is deduced from the cross sections of (p, n) or (3He,
3H) scattering reactions with an accuracy of about
20% [13, 14]. Thus, we plan to measure with a high
accuracy the specific neutrino cross sections to the
two states in the Yb–Lu system using twoMCi-scale
sources based on 51Cr and 75Se. For the excited state
in the In–Sn system, only one source based on 51Cr
can be used. The nuclear reactors and the technology
for producing the source(s) are available in Russia
[17–19]. The LENS collaboration plans to reuse the
50Cr material of GALLEX to make the 51Cr source
and produce a new isotopically enriched target of 74Se
for 75Se source. The kg-scale 82Se for the study of
ββ decay has been produced in Russia with gaseous
centrifugation of volatile SeF6 [20]. The technical de-
velopments for neutrino source production are being
coordinated at two suitable reactors L-2 [17,18] and
SM-3 [19] by a French–German–Russian team from
LENS.

5. LIQUID SCINTILLATOR TECHNOLOGY

The main problem in the preparation of the Yb/In-
loaded scintillator is to find the Yb complex organic
compound, highly soluble in an aromatic solvent.
Generally, preparation of the Yb/In-loaded scintil-
lator is grounded on a liquid–liquid extraction pro-
cess (LLE). The LLE is a well-established techno-
logical process that proved its large application for
preparation of highly concentrated and stable rare-
earth complexes soluble in organic solvents. Many
types of rare-earth compounds and organic extrac-
tants have already been investigated [11, 21, 22]. It
was found that of greatest interest as extractants
are neutral phosphorus organics (P=O): phosphates,
phosphonates, and phosphine oxides, and carboxylic
acids (C=O). Recently, the LENS collaboration has
focused on improving the light output parameter S
by introducing a certain combination of (P=O) and
(C=O) extractants to reduce the acidic component
that may limit the value of S. At the same time, this
job aims to search for less expensive (P=O) additives
that reduce the cost of the Yb/In LS. The best pa-
rameters of LS reached by the LENS collaboration
for various recipes:

Yb/In content is 150 g of Yb/L and 105 g of In/L.
Light output S is up to 60% of BC505 (BPO is

used as an activator).
Light transmission length L is 4–5 m at λ =

430 nm.
002
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The main decay component has the decay time
τ = 2.3 ns (89% of the signal) for Yb LS and τ =
2.9 ns (95% of the signal) for In LS. Light output of
LS increases by 20% if 1MN (1-methylnaphtalene)
is used as an aromatic solvent instead of PC (pseu-
documene). But adding of 1MN decreases the LS
light transmission. It is important to note that the
preparation of Yb/In-loaded LS is also compatible
with the industrial scale of production and purification
technology of rare earths that is based on the LLE
process with the same (P=O) extractants.

6. CENTRAL LABORATORY FOR LENS
(CELL)

The Central Laboratory for LENS (CELL) has
been created to transfer and implement LS technolo-
gies in local laboratories and to produce test programs
of interest to the prototype program using the facili-
ties of Laboratori Nazionalle del Gran Sasso (LNGS)
such as the well-instrumented chemical laboratory
and underground γ-ray counting detectors [23].

The main setup of CELL is the Low Background
Facility (LLBF). The aim of the LLBF is to provide
sufficient shielding against cosmic ray muons, γ flux
and neutrons from the rock, and radon from the air in
order to measure the intrinsic background of a single
LENS module filled with loaded and nonloaded LS.

The inner dimensions of the LLBF are 70 × 70 ×
400 cm. The central module can be operated in
(anti)coincidence with the surrounding modules that
thus simulate the neighboring part of the LENS
detector. This basic module is thus a prototype of
LENS.

The shield consists of (from inside to outside) elec-
trolytic copper (15 cm), steel (23 cm), and polyethy-
lene (20 cm) and has a total mass of about 75 t. The
copper shielding is gas tight and serves as a radon
shield. This shield is located in a clean room equipped
with a ventilation system (to control humidity and
temperature and to limit dust particles). We expect to
begin counting operations and prototype studies with
this facility in 2002.

7. CONCLUSION

The LENS detector is a νe-flavor real-time de-
tector for measurement of low-energy solar neu-
trino flux and spectral shape, specifying the pp and
7Be neutrinos individually. It will complement fu-
ture low-energy neutrino experiments (BOREXINO,
HELLAZ, GENIUS), all of which are scattering ex-
periments. The main goal of the LENS collaboration
now is to develop final formulation of Yb- and In-
loaded LS and to build a prototype of suitable volume
PH
to study the backgrounds and detector performance.
And the next step will be to select between Yb and In
as the target element for LENS tests in the LLBF
in 2002. After this selection, we hope to converge
towards a proposal of the LENS project.
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Abstract—The new project GENIUS will cover a wide range of the parameter space of predictions of
supersymmetry for neutralinos as cold dark matter. Further, it has the potential to be a real-time detector
for low-energy (pp and 7Be) solar neutrinos. The GENIUS Test Facility has just been funded and will come
into operation by the end of 2001. c© 2002 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

Concerning neutrino physics, without double be-
ta decay there is no solution to the problem of the
neutrino nature (Dirac or Majorana particle) and the
neutrino mass matrix structure. Only investigation of
neutrino oscillations and double beta decay together
can lead to an absolute mass scale [1–7].

Concerning solar neutrino physics, present infor-
mation on possible ν oscillations relies on 0.2% of
the solar neutrino flux. The total pp neutrino flux has
not been measured, and no real-time information is
available for the latter either. Concerning the search
for cold dark matter, direct detection of the latter by
underground detectors remains indispensable.

The GENIUS project proposed in 1997 [7–12] as
the first third-generation ββ detector could attack all
of these problems with an unprecedented sensitivity.
The main goals of GENIUS are dark matter search
and double beta decay. In this paper, we concentrate
on neutrino physics with emphasis on solar neutri-
nos and on some dark matter aspects. GENIUS will
allow real-time detection of low-energy solar neu-
trinos with a threshold of 19 keV. For the further
potential of GENIUS for other physics beyond the
Standard Model, such as double beta decay and neu-
trino mass, supersymmetry (SUSY), compositeness,
leptoquarks, and violation of Lorentz invariance and
the equivalence principle, we refer to [5, 13, 14].

∗This article was submitted by the author in English.
1)Max-Planck-Institut für Kernphysik, Heidelberg, Germany;

e-mail: irina@mickey.mpi-hd.mpg.de
1063-7788/02/6512-2165$22.00 c©
2. GENIUS AND LOW-ENERGY SOLAR
NEUTRINOS

To solve the solar neutrino problem, measure-
ment of the solar low-energy spectrum in real time
is required. The prediction of the pp neutrino flux
is almost solar-model independent and is strongly
constrained by the solar luminosity and helioseismo-
logical measurements. The spectral distortion by os-
cillations allows one to distinguish between different
oscillation solutions. To this end, a threshold below
300 keV is preferable [15]; i.e., the threshold should
be lower than those achieved by the experiments
GALLEX and SAGE and also lower than those
of some future experiments. GALLEX and SAGE
measure pp+ 7Be + 8B neutrinos (60% + 30% +
10%) down to 0.24 MeV, and the Chlorine experi-
ment measured 7Be + 8B neutrinos (80% 8B) above
Eν = 0.817 MeV, all without spectral, time, and
directional information. No experiment has separately
measured pp and 7Be neutrinos, and no experiment
has measured the full pp ν flux. BOREXINO plans to
measure 7Be neutrinos in real time, the access to pp
neutrinos being limited by 14C contamination (the
usual problem of organic scintillators). GENIUS,
which was proposed for solar neutrino detection in
1999 [16, 17], could be the first detector measuring
the full pp (and 7Be) neutrino flux in real time (Fig. 1).

The main idea of GENIUS, originally proposed
for double beta and dark matter search [7–12], is
to achieve an extremely low radioactive background
(factor of 1000 or smaller than in the Heidelberg–
Moscow experiment) by using “naked” detectors in
liquid nitrogen (Fig. 2). While for cold dark matter
search 100 kg of natural Ge detectors are sufficient,
GENIUS as a solar neutrino detector would contain
1–10 t of enriched 70Ge or 73Ge.
2002 MAIK “Nauka/Interperiodica”
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Fig. 2. Schematic view of the GENIUS project. An ar-
ray of 100 kg of natural HPGe detectors for the weakly
interacting massive particle (WIMP) dark matter search
(first step) or between 0.1 and 1 t of enriched 76Ge for
the double-beta-decay search (final setup) is hanging on
a support structure in the middle of the tank immersed
in liquid nitrogen. For solar neutrino search, the detector
would consist of one ton or more of enriched 73Ge or
70Ge. The size of the nitrogen shield would be 13 m in
diameter at least. On top of the tank, a special low-level
clean room and the room for the electronics and data
acquisition will be placed.

The excellent operation of the Ge detectors in
liquid nitrogen has been demonstrated in the Hei-
delberg low-level laboratory [18, 19], and the over-
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Fig. 3.Simulated spectrum of low-energy solar neutrinos
(according to SSM) for the GENIUS detector (1 t of nat-
ural or enriched Ge) [16, 17] and estimated background.

all feasibility of the project has been shown in [9].
The potential of GENIUS to measure the spectrum
of low-energy solar neutrinos in real time has been
studied in [16, 17]. The detection reaction is elas-
tic νe scattering ν + e− → ν + e−. In νe scattering
experiments, higher statistics are achieved than in
absorption experiments, but no conicidence informa-
tion is available, as in some of the future absorption
experiments.

The maximum electron recoil energy is 261 keV
for pp neutrinos and 665 keV for 7Be neutrinos. The
recoil electrons can be detected through their ion-
ization in a HPGe detector with an energy resolu-
YSICS OF ATOMIC NUCLEI Vol. 65 No. 12 2002
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tion of 0.3 %. Like BOREXINO (and some others
experiments) GENIUS can measure only the energy
distribution of recoiling electrons (but with much bet-
ter energy resolution) and cannot directly determine
the energy of the incoming neutrinos. The dominant
PHYSICS OF ATOMIC NUCLEI Vol. 65 No. 12 2
part of the signal in GENIUS is produced by pp

neutrinos (66%) and 7Be neutrinos (33%). The de-

tection rates for the pp and 7Be fluxes are, according

to the standard solar model [20], Rpp = 35 SNU =
002
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1.8 events/d/t (18 events/d in 10 t) and R7Be =
13 SNU = 0.6 event/d/t (6 event/d in 10 t). The
expected spectrum of the low-energy signal in the
SSM is shown in Fig. 3.

After Super-Kamiokande disfavored the SMA so-
lution of the solar neutrino problem, it is now im-
portant to distinguish the LMA and the LOW MSW
solutions of the solar neutrino problem. GENIUS,
due to its relatively high counting rate, will be able
to test, in particular, the LOW MSW solution by the
expected day/night variation of the flux [16, 17, 21].

To measure the low-energy solar neutrino flux with
a signal-to-background ratio of 3 : 1, the required
background rate is about 1 × 10−3 event/(kg yr keV)
in this energy range. It is about a factor of 10 smaller
than what is required for the application of GENIUS
for cold dark matter search. This can be achieved if
the liquid nitrogen shielding is increased to at least
13 m in diameter and production of the Ge detectors
is performed underground [16, 17].

Most attention has to be given to the cosmogenic
activation (Fig. 4) of the Ge crystals at the Earth’s
PH
surface [16]. Figure 5 shows the total background in a
13-m liquid-nitrogen tank for the produced detectors
assuming 30 d of exposure to cosmic rays before
detector production, one day of activation after zone
refining, and a deactivation time of five years.

Another source of background is the 2νββ decay
of 76Ge, which has 7.8% abundance in natural Ge.
The expected rate for a detector of natural Ge is
also shown in Fig. 5. Using enriched 70Ge or 73Ge
(>85%) as a detector material, one can reduce the
abundance of the ββ emitter by a factor of 1500. In
this case the pp signal will not be disturbed by the
2νββ decay.

3. GENIUS AND COLD DARK MATTER
SEARCH

GENIUS is the only one of the new projects under
discussion (see Table 3 from [23]) that simultane-
ously with its potential for real-time detection of low-
energy neutrinos and for double-beta decay has a
huge potential for cold dark matter search. Right now,
YSICS OF ATOMIC NUCLEI Vol. 65 No. 12 2002
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the Heidelberg–Moscow experiment is the most sen-
sitive dark matter experiment worldwide concerning
the raw data [24–27]. GENIUS, already at the first
step with 100 kg of natural Ge detectors would cover
a significant part of the MSSM parameter space for
prediction of neutralinos as cold dark matter (Fig. 6)
(see, e.g. [28–30]. For this purpose, the background
in the energy range <100 keV has to be reduced to
10−2 event/(kg yr keV), which is possible if the detec-
tors are produced and handled on the Earth’s surface
under heavy shielding [16, 27]. Figure 5 shows that at
this level solar neutrinos as a source of background
are still negligible. Figure 6 shows, together with the
expected sensitivity of GENIUS, predictions for neu-
tralinos as dark matter by two models, one based on
supergravity [30] and the other based on the MSSM
with relaxed unification conditions [28, 29].

The sensitivity of GENIUS for dark matter cor-
responds to that obtainable with a 1 km3 AMANDA
detector for indirect detection (neutrinos from annihi-
lation of neutralinos captured at the Sun) (see [31].
Interestingly, both experiments would probe differ-
ent neutralino compositions. GENIUS will mainly
probe gaugino-dominated neutralinos, and AMAN-
DA will mainly probe neutralinos with comparable
gaugino and Higgsino components (see Fig. 38 in
[31]. It should be stressed that GENIUS, together
with DAMA, will be the only future dark matter ex-
periment that would be able to positively identify a
dark matter signal by the seasonal modulation sig-
nature. This cannot be achieved, for example, by the
CDMS experiment.

4. GENIUS-TF

As the first step of GENIUS, a small test facil-
ity (GENIUS-TF) is at present under installation in
the Gran Sasso Underground Laboratory [32]. With
about 40 kg of natural Ge detectors operated in liq-
uid nitrogen, GENIUS-TF could test the DAMA
seasonal modulation signature for dark matter. No
other experiment running, like CDMS and IGEX, or
projected at present will have this potential [33]. By
summer 2001, six 2.5-kg Ge detectors with an ex-
tremely low level threshold of 500 eV were produced.

5. CONCLUSION

GENIUS, proposed as the first third-generation
ββ detector, has been shown to have a huge potential
for cold dark matter search. It can further be used to
investigate the full solar pp neutrino spectrum in real
time, with a threshold of 20 keV. The GENIUS Test
Facility is at present under installation in the Gran
Sasso Underground Laboratory.
PHYSICS OF ATOMIC NUCLEI Vol. 65 No. 12 20
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Abstract—The presently lowest limit for the mass of the electron neutrino ismν < 2.2 eV/c2 (95% C.L.)
derived from measurements at Mainz up to 1999. The data taken in 2000 are not fully analyzed yet,
but limits of possible distortions as reported by the Troitsk group can be given. c© 2002 MAIK “Nau-
ka/Interperiodica”.
1. INTRODUCTION

Nonzero neutrino masses, strongly favored by the
recent atmospheric [1] and solar neutrino [2] experi-
ments, have strong consequences for particle physics
as well as for astrophysics and cosmology. The inves-
tigation of the tritium β spectrum near its endpoint
measures the mean square of the mass of the electron
neutrino

m2
νe

=
∑

j

|Uej|2m2
j (1)

with neutrino mixing matrix U and neutrino mass
eigenstates mj ; it is the most sensitive of the so-
called direct methods and provides information com-
plementary to the searches for neutrinoless double
β decay. The latter experiments measure the square
of a so-called effective neutrino mass

m2
ee =

∣∣∣∣∑
j

U2
ejmj

∣∣∣∣
2

(2)

which depends on phases of the Uej . This might lead
to cancellations. Anyway, both results together would
be cornerstones in setting up the neutrino mixing
matrix [3]. Tritium β decay is also an ideal method to
distinguish between hierarchical and degenerate neu-
trino mass models. Furthermore, neutrino masses up
to about 1 eV/c2 are especially interesting for cosmol-
ogy because of their contribution to the missing hot
dark matter in the universe. A mass of about 1 eV/c2
is favorably fitting models of structure formation [4].
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1)Present address: TLK, ForschungszentrumKarlsruhe, Ger-
many.

2)Joint Institute for Nuclear Research, Dubna, Moscow
oblast, 141980 Russia.
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1063-7788/02/6512-2171$22.00 c©
Tritium β-decay experiments are currently run-
ning at Mainz and Troitsk [5, 6]. Their high sensi-
tivity is due to a new type of spectrometer, the so-
called MAC-E filter (magnetic adiabatic collimation
followed by an electrostatic filter) [7]. The Mainz
Neutrino Mass Experiment uses as a tritium source
a film of molecular tritium quench-condensed onto
a highly oriented graphite substrate. The film has a
diameter of 17 mm and a typical thickness of 40 nm,
which is measured by laser ellipsometry.

TheMainz experiment has been recently upgraded
[5, 8, 9] to improve the sensitivity to mν down to a
limit of 2 eV/c2 and to check the anomalous excess
in the spectrum close to the endpoint reported by the
Troitsk group [6, 10].

2. DATA TAKING IN 1998 AND 1999

With the improved setup, six runs (labeled Q3–
Q8) of seven-month measurement time in total
were taken in 1998 and 1999. Additional studies
on quench-condensed T2 films clarified their energy
loss function [11], their self-charging [8, 9], and their
dewetting as a function of temperature [12, 13]. In
particular, the suppression of the latter effect has
removed the trend towards negative values of m2

ν in
excess of –100 eV2/c4 for wide data intervals from
which our 1991 and 1994 data suffered. Still, the first
two data sets of 1998 (Q3, Q4) do not fulfill the re-
quirement of being stable with respect to the variation
of the lower limit of the fit range and being compatible
with the physical allowed range of m2

ν ≥ 0. But
deviations were limited to –10 eV2/c4, corresponding
to a 2σ level. The origin of this small residual spectral
distortion has not yet been completely clarified, but
is certainly connected to a minute instrumental effect
depending on running conditions (see below). This
statement is corroborated by the fact that the later
2002 MAIK “Nauka/Interperiodica”
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Fig. 1. (a) Averaged count rate of the combined 1998 and 1999 data Q3–Q8 (points) with fit (line) in comparisonwith previous
Mainz data from 1994 as function of the retarding energy near the endpointE0 and effective endpointE0,eff. The position of the
latter takes into account the width of the response function of the setup and the mean rotation-vibration excitation energy of
the electronic ground state of the (T3He)+ daughter molecule. (b) Fit results on m2

ν (left scale, filled circles) for the different
runs Q3–Q8 with statistical (inner bars) and total uncertainties (outer bars) as a function of the lower limit of the fit interval.
The upper limit is always 18.66 keV, well above the endpointE0 = 18.57 keV. The corresponding values of χ2

red = χ2/d.o.f. of
the fits (open circles) can be read from the right scale.
runs Q5 to Q8 showed absolutely “clean” spectra
(Fig. 1). This improvement was probably due to
a lowering and a stabilization of the background
rate achieved by applying RF pulses to one of the
electrodes of the electrostatic filter in the measuring
pauses during which the filter potential was changed.
This way, some trapped charges were swept out of
the spectrometer, apparently. Trapped particles cause
background events through secondary reactions with
the residual gas.

Figure 1a shows the integral β spectrum as func-
PH
tion of the filter potential for the last 15 eV below the
endpoint E0 = 18575 eV plus the background region
above E0. Plotted is the count rate averaged over the
runs Q3 to Q8; data obtained in 1994 [14] are shown
for comparison. Three comments are to be made:

(i) The improved spectrometer yields a signal-to-
background ratio 10 times better than before and
meanwhile much better statistics have been obtained.

(ii) The signal separates clearly from the constant
background a few eV below the effective endpoint
E0,eff . The latter is shifted about 5 eV belowE0 due to
YSICS OF ATOMIC NUCLEI Vol. 65 No. 12 2002
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the finite width of the filter of 4.8 eV and a mean rovi-
brational excitation energy of 1.7 eV of the daughter
molecule (T 3He)+. This indicates already a “prima
vista” upper mass limit of a few eV.

(iii) A fit withm2
ν fixed to zero perfectly fits the new

data set. This limits any persistent spectral anomaly
in this range to an amplitude well below 10−3 s−1 (as
against a total flux of 108 s−1 entering the spectrom-
eter). The fluctuating Troitsk anomaly, on the other
hand, reaches amplitudes up to 10−2 s−1 (Fig. 2) [6].

3. CHECK OF THE TROITSK ANOMALY

The Troitsk group has described its anomaly as a
sharp step of the count rate close to E0 [10]. Since
their spectrometer is integrating like the Mainz one,
this step corresponds to a line in the primary spec-
trum, its relative intensity being about 10−10 of the
total decay rate. In 1998, the Troitsk group reported
that the position of this line oscillates with a frequency
of 0.5 yr between 5 and 15 eV below E0 [6].

We tested our Mainz data from 1998 and 1999,
whether they support the existence of a Troitsk
anomaly or not, by adding a monoenergetic line to
the β spectrum in the fits with free amplitude but with
a position corresponding to the positions predicted
by the Troitsk 0.5-yr oscillation hypothesis according
to [6].

Figure 2 shows the fitted line amplitude with m2
ν

fixed to zero3) in comparison with Troitsk results from
[6] as function of themonth.Whereas the fitted ampli-
tudes for data sets Q3 and Q5–Q8 fluctuate around
zero, data set Q4 is different: It shows a significantly
large amplitude of 6 mHz, which is in the range of
the values reported by Troitsk. No other significant
Troitsk anomaly has been found in the whole data
set Q3 to Q8, also not outside the predicted positions
[15].

From October to the end of the year 2000, we
again took data, divided up into two runs, Q9 and
Q10, taking a fresh T2 film in the break in between.
Again no significant steplike anomaly was found, in
particular, in those two subsets of data which were
obtained in parallel to data taking at Troitsk (Dec.
6–13 and Dec. 22–28). In both periods, Troitsk ob-
served significant steps [16], but with a drastic change
in position and amplitude in between which does not
fit into the previous pattern of a half-year period of the
effect.

Although,we did not find steplike signatures in the
latest runs Q9 and Q10, most (not all) of the data

3)Letting m2
nu be free in the fits changes the results only

marginally.
PHYSICS OF ATOMIC NUCLEI Vol. 65 No. 12 20
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Fig. 2. Amplitude of the Troitsk anomaly from Troitsk
data (points, from [6]) and fromMainz data (open circles).
In theMainz analysis, the line positionwas taken from the
prediction of a half-year sinusoidal curve from [6]. Mainz
data were fitted over the last 70 eV of the β spectrumwith
m2

ν fixed to zero. The error bars of the Mainz data contain
both statistical and systematic uncertainties.

subsets suffered again from small residual perturba-
tions which resulted in negativem2

nu fit results in the
range of –10 eV2/c4. In this context, we mention that
any residual disturbance count rate appearing in an
interval about 5 eV around E0 cannot be decorrelated
from m2

ν by a χ2 fit at the given statistics but will
inevitably lead to a negative m2

ν fit result. Part of the
data also showed a slight hysteresis between up- and
down-scanning of the spectrum. If charge trapping
depends on the scanning position, which is conceiv-
able, then the resulting background events may well
show a hysteresis. We ascribe the reappearance of
slight spectral irregularities in our data to a somewhat
less favorable status of the spectrometer. Contrary
to earlier runs, we have not baked it beforehand this
time. Hence, vacuum and surface conditions probably
have changed a bit to the worse, which cannot be
controlled with precision at a UHV level of about
10−10 mbar residual gas pressure. We know, on the
other hand, that above 10−9 mbar a kind of Penning
plasma develops in the spectrometer with time con-
stants of minutes to hours, manifesting itself by a
corresponding increase in background.

All these observations leave little doubt that the
residual spectral anomalies discussed here are of in-
02
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strumental origin and connected to the particular
electrodynamics ofMAC-E filters and, moreover, that
they can be overcome by paying utmost attention
to UHV and surface conditions as well as to the
electromagnetic design.

4. EVALUATION OF MASS LIMITS

We present two different types of analysis (all lim-
its are calculated by using the unified approach) [17]:

(i) The data sets of all runs within one year were
taken under nearly the same conditions. Therefore,
the combined data set of all runs from 1998, Q3–Q5,
and all from 1999, Q6–Q8, can be used. For this
analysis, these data were fitted over the last 15 eV
of the β spectrum only. Due to the high thresh-
olds for excitation of the electron shell of T2 or the
daughter (T 3He)+, respectively, uncertainties from
energy loss, final states, etc., could not affect these
last 15 eV of the β spectrum. However, to decorrelate
m2

ν from the endpoint position E0 and amplitude A,
the two data points at 18.470 keV (18.460 keV) and
at 18.500 keV have been added to this fit, bringing
back some influence of systematic uncertainties. An-
other advantage of this method is that a Troitsk-like
anomaly appearing more than 10 eV below E0 as in
Q4, after having been convoluted with the response
function of the experiment, does not influence the
result of this fit anymore. The fit results of (Q3–Q5)
m2

ν = +0.1 ± 3.9 ± 2.1 eV2/c4 and (Q6–Q8) m2
ν =

+1.5 ± 3.2 ± 3.4 eV2/c4 can be combined to m2
ν =

+0.6 ± 2.8 ± 2.5 eV2/c4, which corresponds to an
upper limit ofmν ≤ 2.8 eV/c2 (95% C.L.).

(ii) The second analysis contains data down to
70 eV below E0. For this interval, the combined
statistical and systematic uncertainty attains a mini-
mum. Since we still insist on this extended interval to
be free of any residual anomaly, we confine the analy-
sis to the “clean” runs Q5 to Q8 (compare Fig. 1b).
The result is m2

ν = −1.6 ± 2.5 ± 2.1 eV2/c4, which
corresponds to an upper limit of mν ≤ 2.2 eV/c2

(95% C.L.). Looking at the m2
ν results first, we see

that both analyses yield values fully compatible with
zero and that the gain in intensity by extending the
data interval from 15 to 70 eV is rather modest. It
improves the resulting upper limit on m2

ν by only
0.2 eV/c2. The additional 0.4 eV/c2 improvement in
the second analysis is kind of mathematical artifact
introduced by the prescription of the unified model of
how to transform a m2

ν result into an upper limit of
mν ; it favors slightly negative mass values.
PH
5. OUTLOOK

With the present results, theMainz neutrino mass
experiment has almost exhausted its sensitivity limit.
In final measurements, we attempt to regain an op-
timum status of the apparatus and clean spectra.
Further studies will explore possibilities of how to
improve background conditions substantially in view
of a second generation experiment.

To clarify the possibility of a cosmologically rele-
vant amount of neutrino dark matter, a further im-
provement of the sensitivity onmν down to less than
1 eV/c2 is needed. The same holds for improving our
knowledge of the neutrino mixing matrix.

In a previous paper [18], we investigated the
possibility of a spectrometer based on the same
MAC-E filter principle but scaled up by about two
orders in magnitude in the product of luminosity and
resolution. By an additional time-of-flight analysis,
the spectrometer transforms from an integrating
high-pass filter into a narrowband filter (MAC-E-
TOF mode). In a first proof-of-principle experiment,
this new method was successfully tested with the
present Mainz spectrometer [18]. Recently, the fea-
sibility and the physical prospects of a large tritium
β spectrometer with a 7-m diameter aiming for a
0.3-eV/c2 sensitivity to the electron neutrino mass
was discussed at an international workshop at Bad
Liebenzell [19]. The experiment is proposed by the
KATRIN collaboration (KATRIN: KArlsruhe TRI-
tium Neutrino experiment) presently consisting of
groups from Fachhochschule Fulda, Forschungszen-
trum Karlsruhe (FZK), University of Karlsruhe,
University of Mainz, Czech Academy of Sciences
at Prague, University of Washington at Seattle, and
Institute of Nuclear Research at Troitsk. It is planned
to build and run the experiment at FZK to benefit from
its outstanding infrastructure.
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Abstract—The present status of the calculation of the nuclear matrix elements associated with neu-
trinoless double-beta decay is discussed. The currently available approaches, as well as the historical
perspective, are presented in this review. The discussion is restricted to nuclear matrix elements relevant
in the context of the light Majorana-neutrino-mediated decays to the ground state and excited states of the
final nucleus. Special emphasis is laid on the quantitative description of the 0νββ decay transitions to the
excited 0+ states, a subject of very recent interest in the double-beta community. c© 2002 MAIK “Nau-
ka/Interperiodica”.
1. INTRODUCTION

The early attempts to calculate nuclear matrix
elements associated with the two-neutrino (2νββ)
and neutrinoless (0νββ) modes of double-beta decay
mostly concentrate on using the nuclear shell model
(SM) as the starting point [1–3]. Due to the fact that
the double-beta-decaying nuclei are mostly medium-
heavy or heavy nuclei, either the weak-coupling limit
of the shell model or heavy truncations in the config-
uration space had to be used in carrying out the nu-
merical computation. Later, more suitable truncation
schemes for treating heavy open-shell nuclei were
developed. These methods were based on the quasi-
particle random-phase approximation, and they still
continue to be popular models in discussing various
aspects of double-beta decay.

The two-neutrino decay mode has been tradition-
ally used for testing the available nuclear models to
be used, in the end, for calculations of the nuclear
matrix elements associated with the neutrinoless de-
cay mode. The 2νββ decay is an ideal laboratory
for nuclear-structure studies since decay half-lives
for many decay transitions have been measured in
the underground experiments. In addition, the 2νββ
decay is simpler to study than the 0νββ decay from
the nuclear-structure point of view because only the
1+ intermediate excitations contribute to the tran-
sition amplitude, whereas in the 0νββ decay all the
intermediate multipolarities are active in the decay
amplitude. Furthermore, the 2νββ decay rates are
strongly retarded, indicating a strong suppression in

∗This article was submitted by the author in English.
**e-mail: suhonen@phys.jyu.fi
1063-7788/02/6512-2176$22.00 c©
the associated nuclear matrix elements as compared
to the predictions of the simple shell model. This
makes the 2νββ decay sensitive to adopted trunca-
tion schemes (nuclear models). Finally, it seems that
the 2νββ decay rates to excited 0+ and 2+ final states
are not suppressed and behave in a different way than
the decays to the final 0+ ground state. As a matter
of fact, in [4] it was systematically shown that the
decay transitions to the excited two-phonon type of
0+ states were very stable against the variations in
the strength of the proton–neutron particle–particle
interaction, and not suppressed like the ground-state
transition with the increase in this strength. Experi-
mentally, several studies of these transitions were re-
cently performed [5], the most notable ones being the
measurement of the half-life of the decay transition
of 100Mo to the first excited 0+ state in 100Ru [6–
8] with the recommended [9] half-life value of (6.8 ±
1.2) × 1020 yr. This can now be contrasted against
the behavior of similar transitions in the 0νββ-decay
mode, discussed later in this article.

For the neutrinoless double-beta (0νββ) decay,
only lower limits for the half-lives of the decay tran-
sitions to the ground and excited states are known [5,
10]. As in the case of the 2νββ decay, also for the
0νββ decay, the study of the excited-state transitions
opens up a new possibility of studying the associ-
ated physical observables of interest. For the 0νββ
decay, these observables are the weak-interaction pa-
rameters of theories predicting Majorana neutrinos,
right-handed currents, sparticles (supersymmetry),
leptoquarks, etc. (see, e.g., [11–13]). In the decays
to the excited states, one loses in the lepton phase
space but gains in the signal-to-background ratio
due to the possibility of using coincidense techniques
2002 MAIK “Nauka/Interperiodica”
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for the γ rays that deexcite the 0νββ final state. An
efficient use of these techniques requires, however,
a massive enough source, so that only experiments
with huge active-mass detectors can serve for this
purpose. Many such experiments are currently being
planned (e.g. CAMEO, EXO, GENIUS, MOON).

As mentioned above, there is one argument fa-
voring and one argument disfavoring the detection
of 0νββ decay to excited states. The third decisive
component in the game is the magnitude of the as-
sociated nuclear matrix elements. This component
was first studied for the decays to the first excited 2+

states in [14, 15]. In these works, it was found that the
nuclear matrix elements disfavored these decay tran-
sitions with respect to the ground-state transitions,
and thus the probability of observing this decay mode
would be very small. This is along the lines of the cor-
responding decays for the 2νββ mode, where it was
found [4, 16] that the matrix elements corresponding
to the 2νββ decays to the first 2+ state were very
much suppressed relative to the ones corresponding
to the ground-state transitions.

As above, using the 2νββ decay as a guideline [4,
17], one could predict that the 0νββ decay to the
excited 0+ states would be much more favorable than
the decay to the 2+ state. In this article, this prob-
lem is being addressed by performing a systematical
study of the 0νβ−β− decays to excited 0+ states by
using the quasiparticle random-phase approximation
(QRPA) framework with realistic nucleon–nucleon
two-body interactions derived from the Bonn one-
boson-exchange potential with the G-matrix tech-
niques. These transitions have already been discussed
in the same framework in [18] for the 0νββ decay
to two-phonon 0+ states in 76Se and 82Kr, in [19]
for the 0νββ decay to two-phonon and monopole-
vibrational 0+ states in 96Zr and 116Cd, and in [20] for
both types of decay transitions to 100Ru. The struc-
ture of the involved states is given in Section 3.

2. NUCLEAR-STRUCTURE MODELS
AND THEIR EVOLUTION

During the last 20 years, the evolution and time
span of the nuclear models used to describe the
double-beta-decay transitions has been a very inter-
esting one. This progress on the nuclear theory side is
represented by the horizontal histograms in Fig. 1.
These histograms present the time spans of the
models during which active calculations took place
and results of these calculations were published. The
black histograms are generally accepted formulations
of theory, whereas the gray histograms represent
model approaches that have raised controversial
opinions and discussions about their (range of) va-
lidity. The earliest and most fundamental approaches
PHYSICS OF ATOMIC NUCLEI Vol. 65 No. 12 20
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Fig. 1. Time span of the various nuclear models used
to calculate nuclear matrix elements involved in double-
beta-decay transitions. The gray horizontal histograms
denote models that are either under debate or considered
to be ruled out.

can be considered to come from the family of the
direct shell-model (SM) approaches. As mentioned
in the Introduction, the very early SM approaches [1–
3] can be considered to be small-scale either heavily
truncated or weak-coupling calculations. The years
between 1990–1997 contain hectic application of
the large-scale SM approach [21–26] and the use
of the Monte Carlo SM approach [27, 28]. This
sudden push in the SM calculations was based on
improved computer hardware and improved computer
codes to enable full calculations in realistic single-
particle model spaces. Especially, the Monte Carlo
SM seemed to open the possibility of going toward
heavy nuclei in realistic computations. However, after
the initial ecstasy, it was realized that not even the
large-scale calculations were able to describe the
medium-heavy open-shell (beyond a few exceptions)
and heavy open and near-open-shell nuclei in an
unambiguously solid way. At the same time, the
Monte Carlo SM was facing the troubles connected
to the extrapolation of the double-beta observables
to the needed zero-temperature limit. Given these
obstacles caused the SM efforts to cease and remain
waiting for the next push in hardware and software
development.

A new era in the calculation of the double-beta-
decay observables was opened by the introduction
of the proton–neutron particle–particle interaction
channel into the framework of the random-phase
approximation (RPA). This approach, called the
proton–neutron quasiparticle RPA (pn-QRPA), was
based on the work of Halbleib and Sorensen [29]
and further developed by Vogel and Zirnbauer [30].
Since then, very many applications of this method
have taken place (for a comprehensive review, see [5,
02
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31]), and the pn-QRPA method continues to be in
active use even at the present. A particle-number-
projected version of the pn-QRPA, called PQRPA in
Fig. 1, was introduced in [32, 33], but no remarkable
advantages of this method over the pn-QRPA could
be witnessed [34, 35].

When the interest in the ββ decays to the ex-
cited states started to attract interest [36], the theory
called multiple-commutator model (MCM) was de-
veloped [37] and applied to 2νββ decays to 2+ final
states in [16] and to the two-phonon 0+ states in [17].
This model is closely related to the approach intro-
duced in [38], which is called the recoupling model
in Fig. 1. The relation of the MCM with the early
higher QRPA approach of [39] was discussed in [40].
A comprehensive review of the available experimental
and theoretical results for the involved nuclear matrix
elements is given in [31].

A new type of approach, going beyond the pn-
QRPA level, was introduced in [41]. In this approach,
called the renormalized pn-QRPA (RQRPA), an
attempt was made to include the relevant parts of
the Pauli principle in the pn-QRPA framework by
renormalizing the pn-QRPA matrix equation by the
particle-number densities in the correlated ground
state. Since its introduction [31, 42–44], a lively dis-
cussion about the merits and demerits of the RQRPA
has continued up to these days, and that is why it
has been marked by the gray histogram in Fig. 1. To
the same gray category, I have included the attempts
to extend the RQRPA philosophy to the so-called
self-consistent formulation (self-consistent RQRPA,
SRQRPA), examples of which are given in, e.g., [45].
Another line of approach to the self-consistent QRPA
has been developed in the interesting articles [46, 47]
based on the previous studies of [48].

Other approaches worth of mentioning in connec-
tion of the ββ decays are the pseudo-SU(3) model
for axially symmetric deformed nuclei, the boson
mapping method, and the various schematic models
(SO(5), O(8), generalized Lipkin model) discussed
in [5, 49–52] and references therein. Some models
have been under serious criticism, like the operator
expansion method (OEM), the inclusion of the pn
pairing, and the SU (4) symmetry restoration and
breaking schemes (see the extensive discussion in [5]
and more recently in [53]).

3. NEUTRINOLESS DOUBLE-BETA DECAY
TO EXCITED STATES

The present calculations are based on the pn-
QRPA, the QRPA for like-nucleon excitations, and
the MCM introduced in [37]. An extensive review of
these methods and their use in beta decay and 2νββ
decay has been done in [5], and I refer the reader
PH
to the aforementioned articles for further information
on these models. Instead, a short review of the use
of these models in connection with the 0νββ-decay
mode is given below.

The neutrinoless mode of the double-beta decay
is the more interesting one from the point of view
of modern particle physics and cosmology since
it involves ingredients that go beyond the scope
of the Standard Model of electroweak and strong
interactions. These extensions of the Standard Model
include various grand-unification theories (GUT)
and superstring theories with or without super-
symmetry. The minimal extension of the Standard
Model accommodates right-handed currents and the
corresponding couplings between left-handed and
right-handed terms, the most trivial theory of this
type being the SU (5) GUT [54], which has been ruled
out by experiments on proton decay. However, sev-
eral more complicated GUT scenarios are alive and
under enthusiastic study at the present [55]. These
schemes contain Majorana mass for the neutrinos
generated by the so-called seesaw mechanism, a
simple scheme to generate a left-handed electron
neutrino mostly consisting of light Majorana-mass
eigenstates and a right-handed one mostly consisting
of heavy Majorana-mass eigenstates [56]. To achieve
this, the mass term of the weak-interaction La-
grangian is supposed to contain very light (mL ∼ 0)
left-handedmasses and very heavy right-handed ones
(mR ∼ MGUT ∼ 1014 GeV), and the Dirac masses
should be on the order of typical fermion (charged
lepton or quark) masses. In the GUT, the electron-
neutrino Majorana mass is expected to be within the
range 10−4–10−9 eV.

In the GUTmodels, one starts from the most gen-
eral effective weak-interaction Hamiltonian density

hW = (GF cos θC/
√

2)
(
jLµJ

µ†
L + κjLµJ

µ†
R (1)

+ ηjRµJ
µ†
L + λjRµJ

µ†
R

)
+ h.c.,

where GF = 1.16637 × 10−5 GeV−2 is the Fermi
coupling constant and θC is the mixing angle of
the Cabibbo–Kobayashi–Maskawa mechanism for
mixing quark flavors. In the case of the β−β− decay
mode, the left- and right-handed leptonic (jLµ, jRµ)
currents are given by the expressions

jLµ = eγµ(1 − γ5)νe,L, (2)

jRµ = eγµ(1 + γ5)ν ′e,R, (3)

where the weak eigenstates of the neutrino, νe,L and
ν ′e,R, are given in terms of the mass eigenstates NjL

andNjR as

νe,L =
2Ng∑
j=1

UejNjL, ν ′e,R =
2Ng∑
j=1

VejNjR. (4)
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Above, Ng is the number of generations, and the
notation used is the standard one [56]. ThematricesU
and V are themixingmatrices of the weak eigenstates
(left- and right-handed electron neutrinos, νe,L and
νe,R) and the mass eigenstates (NjL and NjR) of the
neutrino. At the quark level, the expressions for the
hadronic currents are given in terms of the u and d
quarks as

Jµ†
L = uγµ(1 − γ5)d, (5)

Jµ†
R = uγµ(1 + γ5)d, (6)

and on the nucleon level in a nucleus, assuming the
validity of the impulse approximation, the leading-
order terms of the effective hadronic weak current (β−

decay) can be written as

Jµ†
L/R = Ψ̄(x)τ− (gV γµ − igWσµνqν (7)

∓ gAγµγ5 ± gP γ5q
µ) Ψ(x),

where gV,A,W,P denote the vector, axial-vector, weak-
magnetism, and induced pseudoscalar form factors,
respectively. The quantity Ψ(x) is the nucleon field
at the spacetime point x. For the β+ decay, τ− is
replaced by τ+.

The current–current couplings are specified by the
parameters κ, η, and λ. The actual values of these
couplings can only be determined once specific mod-
els for the neutrino mixing and masses of the gauge
bosons are defined. Using the general Hamiltonian
of (1), one can derive the following expression for the
decay half-life of a nucleus in a 0νββ transition to the
final ground state:

[t(0ν)
1/2 ]−1 =C(0)

mm

(
〈mν〉
me

)2

+ C
(0)
mλ〈λ〉

(
〈mν〉
me

)
(8)

+C(0)
mη〈η〉

(
〈mν〉
me

)
+C

(0)
λλ 〈λ〉

2+C(0)
ηη 〈η〉2+C

(0)
λη 〈λ〉〈η〉,

where CP conservation was assumed, and the ef-
fective parameters 〈mν〉 (Majorana-neutrino mass)
and 〈λ〉 and 〈η〉 (relative magnitudes of the coupling
coefficients of the right-handed weak-interaction
currents) are obtained from the corresponding bare
quantities throughmixing of the light-neutrino eigen-
states in the electron-flavor eigenstate appearing in
the vertices of the 0νββ decay, namely,

〈λ〉 = λ
g
′
V

gV

∑
j

′UejVej , 〈η〉 = η
∑

j

′UejVej . (9)

The summations are restricted to the light-neutrino-
mass eigenstates (this is indicated by the primed
sum), and the matrices U and V are given in (4). The
PHYSICS OF ATOMIC NUCLEI Vol. 65 No. 12 20
number of generations is restricted toNg generations.
The neutrino-mass sector can be written as

〈mν〉 =
∑

j

′λCPmj| Uej |2, (10)

where λCP are the CP phases. The C(0) coefficients
in (8) are combinations of leptonic phase-space inte-
grals and various nuclear matrix elements as given,
e.g., in [5, 56, 57]. The quantityme is the electron rest
mass.

In a rather good approximation, one can write the

C
(0)
x coefficients in approach [57], by retaining only

the leading contributions, as

C(0)
mm �

(
M (s)

m

)2
G1, (11)

C
(0)
mλ � −M (s)

m

(
M

(s)
− − 1

3
M

(p)
−

)
G3 (12)

+
1
3
M (s)

m M
(p)
− G4,

C(0)
mη � −M (s)

m

(
M

(s)
+ − 1

3
M

(p)
+

)
G3 (13)

+
1
3
M (s)

m M
(p)
+ G4 −MRM (s)

m G6 + M (s)
m MPG5,

C
(0)
λλ �

(
M

(s)
− − 1

3
M

(p)
−

)2

G2 (14)

− 2
3

(
M

(s)
− − 1

3
M

(p)
−

)
M

(p)
− G3(M

(p)
− )2G4,

C(0)
ηη �

(
M

(s)
+ − 1

3
M

(p)
+

)2

G2 (15)

− 2
3

(
M

(s)
+ − 1

3
M

(p)
+

)
M

(p)
+ G3 + (M (p)

+ )2G4

+ M2
RG9 −MRMPG7 + M2

PG8,

C
(0)
λη � 2

(
M

(s)
− − 1

3
M

(p)
−

)(
M

(s)
+ − 1

3
M

(p)
+

)
G2

(16)

− 2
3

[(
M

(s)
− − 1

3
M

(p)
−

)
M

(p)
+

+
(
M

(s)
+ − 1

3
M

(p)
+

)
M

(p)
−

]
G3 +2M (p)

− M
(p)
+ G4,

where M
(s)
m � M

(s)
F −M

(s)
GT and all the involved ma-

trix elements M (s) (s-wave matrix elements) and
M (p) (p-wave matrix elements) and the integrals Gi,
i = 1, ..., 9, are defined in [57]. Similar definitions are
given in [14, 56].

The nuclear matrix elements can be decomposed
into a transition-operator-dependent part and a prod-
uct of two one-body transition densities (OBTD) as
02
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Fig. 2. Predicted half-lives (in units of a year) for several 0νββ-decay transitions to the ground state and excited 0+ and 2+

states in the final nuclei. On the horizontal axis, the initial nucleus is indicated. The WS and the AWS bases (see the text)
have been used in the calculations. The weak-interaction parameters of (24) were used. For comparison, a set of expected
sensitivities of currently planned large-scale underground experiments has been given along with the masses of the source
materials and the measuring times.
described in [14]. The OBTDs contain the informa-
tion about the initial and final states, as well as the in-
termediate Jπ multipole states. For the initial branch,
one has the following OBTD within the pn-QRPA
approach [5],

(Jπ
m||[c†pc̃n]J ||0+

I ) = Ĵ [upvnXpn(Jπ
m) (17)

+ vpunYpn(Jπ
m)],

and for the various final branches, one obtains [5, 18,
19]

(0+
g.s||[c

†
p′ c̃n′ ]J ||Jπ

m′) = Ĵ [ūn′ v̄p′X̄p′n′(Jπ
m′) (18)

+ ūp′ v̄n′Ȳp′n′(Jπ
m′)],

(0+
2−ph||[c

†
p′ c̃n′ ]J ||Jπ

m′) (19)

=−4
√

10
∑
p1n1

(−1)J+jp′+jn1W (jp′ jp1 jn′ jn1 ; 2J)

× [ūp′ v̄n′Z̄p′p1(2
+
1 )Z̄n′n1(2

+
1 )X̄p1n1(J

π
m′)

+ v̄p′ūn′W̄p′p1(2
+
1 )W̄n′n1(2

+
1 )Ȳp1n1(J

π
m′)],

(0+
1-ph||[c

†
p′ c̃n′ ]J ||Jπ

m′) (20)

= 2
∑
p1

δjp1jp′ ĵ
−1
p′ [ūp′ūn′Z̄p′p1(0

+
1 )X̄p1n′(Jπ

m′)

− v̄p′ v̄n′W̄p′p1(0
+
1 )Ȳp1n′(Jπ

m′)]

− 2
∑
n1

δjn1jn′ ĵ
−1
n′ [v̄p′ v̄n′Z̄n1n′(0+

1 )X̄p′n1(J
π
m′)
PH
− ūp′ūn′W̄n1n′(0+
1 )Ȳp′n1

(Jπ
m′)],

where the coefficients W ( ) in (19) are the usual
Racah coefficients and the forward-going (X) and
backward-going (Y ) amplitudes of the charge-chan-
ging pn-QRPA phonon are defined as

|Jπ
m′M〉 =

∑
pn

[X̄pn(Jπ
m′)A†(pn;JπM) (21)

− Ȳpn(Jπ
m)Ã(pn;JπM)]|QRPA〉.

The 2+ and 0+ one-phonon states are defined as

|J+
k M〉 =

∑
aa′

[Z̄aa′(J+
k )A†(aa′;J+M) (22)

− W̄aa′(J+
k )Ã(aa′;J+M)]|QRPA〉,

where Z are the forward-going and W are the
backward-going amplitudes in the like-nucleon
QRPA approach. Above the quasiparticle-pair op-
erators A are the ones defined in [5], and |QRPA〉 is
the QRPA vacuum. The barred quantities refer to the
BCS (amplitudes u and v) and pn-QRPA calculation
for the final nucleus. The lowest 2+ and 0+ states,
2+
1 and 0+

1 , are the ones involved in the two-phonon
and monopole-vibrational states in the final nucleus.
Namely, the 2+

1 state forms the two-phonon 0+ state

as |0+
2−ph〉 =

1√
2
|[2+

1 ⊗ 2+
1 ]0〉, and the 0+

1 state is

directly the monopole-vibrational state.
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Fig. 3. The same as Fig. 2, but for 〈mν〉 = 0.1 eV without a contribution from the right-handed currents.
Two different pn-QRPA calculations are needed to
reach the intermediate Jπ states, the corresponding
amplitudes being X(X̄) and Y (Ȳ ) for the pn-QRPA
calculation starting from the initial(final) nucleus.
The overlap method [14] has been used to match the
two sets of Jπ states by inserting

〈Jπ
m|Jπ

m′〉 =
∑
pn

(X̄pn(Jπ
m)Xpn(Jπ

m′) (23)

− Ȳpn(Jπ
m)Ypn(Jπ

m′))

into the product of the initial and final OBTDs.

4. RESULTS AND DISCUSSION

In this section, we summarize the results con-
cerning the 0νββ decays of 76Ge, 82Se, 96Zr, 100Mo,
116Cd, 124Sn, 130Te, and 136Xe to the excited 0+

states in the final nuclei 76Se, 82Kr, 96Mo, 100Ru,
116Sn, 124Te, 130Xe, and 136Ba, respectively. The
formalism of Section 3 was used with the two-body
matrix elements derived from the Bonn one-boson-
exchange potential via the G-matrix procedure. At
least two complete harmonic-oscillator major shells
(with spin–orbit partners included) around the pro-
ton and neutron Fermi surfaces were included in
the single-particle basis. The single-particle en-
ergies were obtained from the Coulomb-corrected
Woods–Saxon well (WS), and in some cases, these
energies were slightly altered in the very vicinity
of the Fermi surfaces (this is called the adjusted
WS basis, AWS, from here on) in order to better
reproduce the single-quasiparticle type of states in
the neighboring proton- and neutron-odd nuclei. For
more details concerning the basis states, the reader
YSICS OF ATOMIC NUCLEI Vol. 65 No. 12 20
is referred to the works of [18–20, 58]. The G-matrix
interaction was renormalized both in the proton and
neutron pairing channels and in the proton–neutron
1+ and proton–proton and neutron–neutron 0+ and
2+ channels in order to take into account the finite
active valence single-particle space (see the above
references for more details on the renormalization).

The final results, namely, the predicted half-lives,
have been collected in Figs. 2–4. In Figs. 2 and 3,
the decay half-lives for the above-mentioned 0νββ
transitions to the ground state, the two-phonon 0+

state (0+
2-ph), and the monopole-vibrational 0+ state

(0+
1-ph) are given. For comparison, the decay half-lives

for the transitions to the first excited 2+ state (2+
1 ) are

given for the decays of 76Ge and 100Mo by using the
phase-space factors of [14] and the matrix elements
of [15]. The half-lives of Fig. 2 have been calculated
by using the parameter set

〈mν〉 ≤ 0.723 eV; 〈η〉 ≤ 7.55 × 10−9; (24)

〈λ〉 ≤ 9.40 × 10−7,

extracted as a conservative upper limit from the
best measured lower limit for the 0νββ-decay half-

life (t(0ν)
1/2 (0+

g.s) > 1.2 × 1025 yr (90% C.L.) from the
Heidelberg–Moscow experiment [59]) of the
76Ge →76Se ground-state-to-ground-state transi-
tion. These parameter values thus produce the best
lower limits for the half-lives of the other decay tran-
sitions discussed in this section, and, consequently,
these limits can be used to discuss the sensitivity of
the other present-day or future experiments listed in
Fig. 2. In Fig. 3, the same data is given, but excluding
02
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Fig. 4. Predicted half-lives (in units of a year) for the
0νββ decays of 100Mo to the ground state and excited 0+

and 2+ states in 100Ru.

the right-handed currents (〈η〉 = 0, 〈λ〉 = 0) and
taking 〈mν〉 = 0.1 eV as a potential value emerging
from the near-future Heidelberg–Moscow or other
experiments.

The data of Fig. 2 are summarized in Fig. 4 for the
case of the 100Mo decay, where one can see a clear
hierarchy of half-lives ranging from 3.01 × 1023 yr for
the ground-state transition up to 2.40 × 1027 yr for
the transition to the 2+

1 state. Here, 0+
1 is consid-

ered to be a two-phonon state and 0+
2 a monopole-

vibrational state. As seen here and in Figs. 2 and 3,
the monopole-vibrational states are always (when/if
they exist at low energies) more favorable for detec-
tion than the two-phonon states. This is particularly
striking in the case of the 96Zr decay to the 0+

1 state
in 96Mo, assumed to be a monopole-vibrational state.
Here, the difference in half-life to the ground-state
decay is only one order of magnitude, and a massive
source of some 100 kg of enriched 96Zr would already
yield effective neutrino masses on the scale 〈mν〉 ≤
0.08 eV [19]. This idea of using 96Zr as a mas-
sive source has been presented under the code name
ZORRO (Zirconium ORiented Rare-event Obser-
vatory) in the review of the planned experiments in
Fig. 2. On the other hand, the half-lives for the transi-
tions to the two-phonon 0+ states are at least 1026 yr,
so that these decay transitions are hardly detectable in
the near future. Furthermore, from Fig. 3, one notices
that the transitions to the 2+

1 states are not detectable
PH
when no right-handed currents exist. They are easier
to detect in the presence of right-handed currents,
as seen from Fig. 2. This means that the decays to
2+
1 states are relatively more sensitive to the right-
handed currents than to the neutrino mass.

4. CONCLUSIONS

In conclusion, in the present article, I have briefly
reviewed the status of the various popular nuclear-
structure theories used to calculate double-beta-
decay observables during the last 20 years. In ad-
dition, I have discussed 0νββ decays to the ground
state and excited 0+ states in the framework of the
quasiparticle random-phase approximation with re-
alistic two-body interaction matrix elements obtained
from a renormalized Bonn-A G matrix. It was found
that most likely all the transitions to the excited states
would remain undetected in the near future, the most
favorable transition occurring in the decay of 96Zr
to the first excited 0+ state in 96Mo. It seems that
an experiment (proposed working name ZORRO)
using the γ-coincidence techniques with a massive
source (100 kg) of 96Zr would be competitive with the
experiments measuring the transitions to the ground
state.
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Abstract—We investigate neutrino-flux-induced ββ transitions in targets built of 112,114,116Cd and 18O
isotopes. In addition to the known β−β− channel, we consider new β−β+ and β−β+γ modes of the
neutrino-induced ββ process. A possibility of detection of the solar neutrinos via the induced ββ transitions
of interest is discussed. We note that the β− part of the solar-neutrino-induced β−β+ process in 18O was
already discussed in connection with possible influence of high-energy electron production of this origin on
the Super-Kamiokande results. c© 2002 MAIK “Nauka/Interperiodica”.
The exploitation of stable isotopes in neutrino
physics establishes an effective experimental basis for
investigation of the solar neutrino deficit and different
neutrino aspects of various double beta processes
(ββ processes) including problems of the nature
and the masses of neutrinos, right-handed currents,
etc. [1–3]. The theoretical study of the neutrino-
induced ββ transitions [4, 5] allows one to extend
the group of nuclei for experimental investigation
of the ββ processes and to develop new methods
for detection of solar, atmospheric, and terrestrial
(reactor, accelerator, and artificial source) neutrinos.
Until now, attention has been paid only to processes
of spontaneous nuclear ββ decay.

Recently, it has been pointed out that 100Mo is
a suitable isotope for registration of the low-energy
solar neutrino [6] due to its low reaction threshold of
0.168 MeV. An analysis of the associated ββ transi-
tions based on the previous study for this isotope [5]
was carried out in [7]. In this contribution, we propose
other stable isotopes, in particular, 112,114,116Cd and
18O, for detection of solar neutrinos via the neutrino-
induced ββ transitions. In addition, new β−/EC and
β−β+ channels [7] of the induced ββ process are
examined.

The neutrino-induced ββ transition

νe + (A,Z) → (A,Z + 2) + 2e− + ν̄e (1)

∗This article was submitted by the authors in English.
1)Department of Nuclear Physics, Comenius University,
Bratislava, Slovakia.

**e-mail: semenov@imp.kiae.ru
1063-7788/02/6512-2184$22.00 c©
is a second-order process in the weak interaction,
which is allowed within the Standard Model. The am-
plitude of this process exhibits resonant behavior and
strongly depends on the widths of the intermediate
nuclear states.

The total cross section σ(εν) of the neutrino-
induced ββ process can be written as [4, 7]

σ(εν) =
mRS∑
m=0

σ
(m)
β (εν)

γmf

γm
, (2)

where mRS denotes the highest lying real excited
state of the intermediate nucleus that is allowed by

energy conservation, and σ(m)
β (εν) is the cross section

of the neutrino-induced single β process associated
with transition from the ground state of the initial
nucleus to the mth excited state of the intermediate
nucleus. The total and the partial (related to β+,
β−, and EC decay channels) widths of this state are
denoted as γm and γmf , respectively. It is worthwhile
to note that, in the case of the excited states of
the intermediate nucleus, the ratio γmf/γm is small
due to corresponding large electromagnetic widths. It
means that the induced ββ process through excited
intermediate nuclear states without additional γ-ray
emission is strongly suppressed. This fact points out
the importance of the ββ process with γ-ray emission
associated with electromagnetic transitions from the
excited to the ground state of the intermediate nu-
cleus and a subsequent single β transition to the final

state. The cross section σ(m)
β (εν) can be expressed
2002 MAIK “Nauka/Interperiodica”
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Table 1. Solar neutrino absorption rates Rν in 112Cd, 114Cd, and 116Cd and production rates I in 10 t of these isotopes
per day for induced ββ transitions (Eν,thr and τ denote the solar neutrino threshold energy for induced ββ process for the
given isotope and the expected time delay between the emission of two electrons in this process, respectively)

Nucleus Eν,thr, MeV log(ftEC) τ Rν , SNU I, event/(10 t d)

112Cd 2.578 4.7 14.4 min 8B: 3.49 0.016




0.007 β−β−

0.004 β−β+

0.005 β−/EC
114Cd 1.444 4.9 71.9 s 8B: 3.04 0.014

15O: 0.46 0.002
116Cd 0.465 (1+

g.s.) 4.39 (1+
g.s.) 14.1 s 7Be(2): 237.11 1.06

1.465 (1+
1 ) 4.98 (1+

1 ) 8B: 12.63 (1+
g.s.) 0.057

2.665 (1+
2 ) 4.83 (1+

2 ) 2.49 (1+
1 ) 0.011

2.49 (1+
2 ) 0.011

13N: 18.39 0.083
15O: 37.08 0.166
with the help of the log(ftβ+,EC) value as follows:

σ
(m)
β (εν) =

2(ln 2)(2Jm + 1)π2

m3
e × 10log(ftβ+,EC)

π(m)
r ε(m)

r F (Z, ε(m)
r )

(3)

=
0.2625(2Jm + 1)

10log(ftβ+,EC)
π(m)

r ε(m)
r F (Z, ε(m)

r )×10−40 cm2.

Here, Jm is the angular momentum of the mth ex-
cited state of the intermediate nucleus; log(ftβ+,EC)
is related to the β transition from the mth state of
the intermediate nucleus to the initial nucleus; π(m)

r

and ε(m)
r are the momentum and the energy of the

outgoing electron in units of the electron mass me,

respectively; ε(m)
r = εν − εm + εi, where εi and εm are

the energies of the initial and the intermediate nu-

clear states; and F (Z, ε(m)
r ) is the Coulomb correc-

tion function. The neutrino threshold energy for the
induced ββ process is given by εν,thr = εm − εi + 1.

The production rate for solar neutrino events
per day in 10 t of 100Mo was calculated in [7].
The expected experimental signal consists of two
emitted electrons with the time delay of 15.8 s. The
subtraction of the two-neutrino double-beta-decay
(2νββ decay) background seems to be a serious
problem for this type of detector. However, it could
be eliminated by the coincidence measurements as
in the 2νββ decay, where two electrons are emitted
simultaneously.

In this work, we present solar neutrino absorption
and production rates for 112,114,116Cd and 18O iso-
PHYSICS OF ATOMIC NUCLEI Vol. 65 No. 12 20
topes. The absorption rate for a given component s
of the solar neutrino flux takes the form [8]

Rν =
∫
σ(m)(εν)ρs(εν)dεν . (4)

Here, ρs(εν) is the energy distribution of solar neu-
trinos of the origin s. In Table 1, we present results
for cadmium nuclei. The production rates I were ob-
tained for a detector consisting of 10 t of the given
cadmium isotope. We considered only those com-
ponents of the solar neutrino spectrum which give
significant contributions to solar neutrino absorp-
tion rates. In the case of 112,114Cd, only transitions
through the ground state of the intermediate nucleus
were taken into account, as contributions from tran-
sitions through excited states are negligible. There is
a different situation in the case of 116Cd. For correct
evaluation of the 8B solar-neutrino-induced ββ pro-
cess in this isotope, it is important to consider also
transitions through the 1+

1 and 1+
2 excited states of

116In, which are accompanied with γ-ray emission.
We note that log(ftEC) values associated with the
β transition from the excited states of 116In were cal-
culated from Gamow–Teller strengths of 116In mea-
sured by the 116Cd(3He)116In reaction in [9]. From
Table 1, we can conclude that 116Cd is a good can-
didate for detection of a Be(2) solar neutrino flux.

The solar-neutrino-induced ββ transition intro-
duced in (1) is the dominant mode in the case of
114Cd and 116Cd. It is worthwhile to note that there
are two additional channels of this process within
the Standard Model, namely, the β−β+ and β−/EC
02
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Table 2. Solar neutrino absorption rate Rν and production rates I in 1000 t of 18O per year associated with the induced
β−β+ processes in (6) and (7)

Reaction Eν,thr, MeV logft τ , min R, SNU I, event/(1000 t yr)

(6) 1.655 3.57 109.77 20.06 20535

(7) 2.695 3.47 109.77 6.11 6259
modes [7],

νe + (A,Z) → (A,Z) + e− + e+ + νe,

νe + e− + (A,Z) → (A,Z) + e− + νe. (5)

The branching ratios for the β−β+ and β−/EC
channels of the solar-neutrino-induced ββ process
in 114Cd are on the order of 1.9 and 0.004% percent,
respectively.

In the case of 100Mo, the contribution from the
β−β+ channel to the full cross section of the ββ pro-
cess is strongly suppressed. It is due to the fact
that this transition is realized through excited states
m of the intermediate nucleus 100Tc for which the
ratio γmβ+/γm is negligibly small due to large as-
sociated electromagnetic widths γm [7]. In the case
of 112Cd, there is a different scenario as the ground
state of 112In is unstable in respect to the β−, β+ de-
cays and electron capture [β− (44%), β+ (34%),
and EC (22%)]. Thus, the 8B solar-neutrino-induced
β−β+ transition in 112Cd is allowed. However, the
counting rate for emission of positrons is low due
to a small neutrino absorption cross section for this
isotope.

It is worth mentioning that the solar neutrino reg-
istration with the help of the emitted positrons in the
induced β−β+ process is favored. The annihilation
of the positron with the atomic electron leads to a
signal of two simultaneously emitted γ rays with a
significant time delay in respect to emission of the
first electron. This fact allows considerable reduction
of background. However, it is desirable that, in the
detection of solar neutrinos via induced β−β+ transi-
tion, a target with large values of the inverse β-decay
cross section and the branching ratio for the β+ decay
from the intermediate nucleus is chosen. We find 18O
to be a good candidate for this purpose. The open
decay channels of the ground state of the neighbor
nucleus 18F are β+ decay and electron capture with
the branching ratios on the order of 97 and 3%, re-
spectively. A rather high abundance (0.2%) and effec-
tive technology of its production allow this isotope to
be produced in a sufficient amount for solar neutrino
experiments. The threshold energy for absorption of
solar neutrinos in this isotope is Eν,thr = 1.655 MeV,
which is significantly small in comparison with the
PH
threshold energy of 6.5 MeV for detection of solar
neutrinos in the Super-Kamiokande experiment.

The above arguments together with the large
value of the cross section for the neutrino-induced
β−β+ process and the expected suppressed back-
ground mostly due to the absence of 2νββ-decay
events suggest that 18O is a promising tool for
investigation of the 8B solar neutrino flux in view
of the measured discrepancy between the Standard
Solar Model prediction and the Super-Kamiokande
measurement [8]. The relevant processes are given by

νe + 18O → 18O + e+ + e− + νe, (6)

νe + 18O → 18O + e+ + e− + νe + γ (1.04 MeV).
(7)

Here, we assume that, in reaction (7), the emitted
γ ray originates from the electromagnetic disintegra-
tion of excited state of 18F, i.e., its energy is fixed
by the energy difference of the corresponding nuclear
levels. This electromagnetic radiation is expected to
be a useful signal in detection of solar neutrinos.

The dominant contributions to the cross section
of the neutrino-induced β−β+ process in 18O comes
from the transitions through the 1+

g.s ground state and
the 0+ excited state of 18F. In that contribution, the
transition through the 1+

1 excited state of 18F is not
taken into account, since its contribution to the ab-
sorption rate is expected to be small. We note that the
β− part of the solar neutrino induced β−β+ process
in 18O was already discussed in [10, 11] in connec-
tion with possible influence of high-energy electron
production of this origin on the Super-Kamiokande
results.

The calculated production rates for solar neutrino
events in 1000 t of 18O per year associated with
reactions (6) and (7) are listed in Table 2. From these,
we conclude that a neutrino detector that uses the
advantage of registration of neutrinos with the help
of the neutrino-induced β−β+ process in 18O could
be employed for investigation of different problems
of weak interaction and nuclear physics, in partic-
ular, the solar neutrino deficit and determination of
the neutrino component of the reactor antineutrino
flux. The experimental signal consists of an emitted
electron followed by two time-delayed γ quanta due
YSICS OF ATOMIC NUCLEI Vol. 65 No. 12 2002
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to positron–electron annihilation and, in the case of
reaction (7), a γ ray with an energy of 1.04 MeV
coming from the electromagnetic deexcitation of the
intermediate nucleus 18F. From Table 2, it follows that
the intensity of reaction (7) is about 3 times smaller
than that for reaction (6).

In summary, a possibility of the registration of
solar neutrinos via different neutrino-induced ββ pro-
cesses was addressed. The calculations were per-
formed for several nuclear systems of interest. The
role of the neutrino-induced ββ processes accompa-
nied with emission of a γ ray was discussed. We found
that 18O is a good candidate for the study of the solar
neutrino deficit with the help of the neutrino-induced
β−β+ process.
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Abstract—The current results and future prospects of the 2β-decay research are reviewed. The require-
ments for supersensitivity experiments are formulated and a conclusion is derived that, in the developed
CAMEO and GEM projects, the restrictions on the neutrino mass would be pushed down to mν ≤
(0.015–0.05) eV. Moreover, the GEM I setup with natural HPGe detectors could advance the best current
limits on the existence of neutralinos—as dark matter candidates—by three order of magnitudes and, at
the same time, would be able to identify unambiguously the dark matter signal by detection of its seasonal
modulation. c© 2002 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

Studies on double-beta (2β) decay play a very im-
portant role in neutrino physics [1–4], which has un-
dergone a revolution. Indeed, the latest solar neutrino
data [5, 6], the measured deficit of the atmospheric
muon neutrinos flux [7], and the result of the LSND
accelerator experiment [8] all could be explained by
means of the neutrino oscillations, requiring nonzero
neutrino masses (mν) and demonstrating an exis-
tence of new physical effects beyond the Standard
Model (SM) [9]. However, oscillation experiments are
sensitive to neutrino mass difference, while only the
measured 0ν2β-decay rate can indicate theMajorana
nature of the neutrino and give the absolute scale of
its effective mass [10, 11]. The neutrinoless (0ν)2β
decay is forbidden in the SM since it violates lepton-
number (L) conservation. However, many extensions
of the SM incorporate such interactions and could
lead to 0ν2β decay, whose nonvanishing rate requires
neutrinos to be massive Majorana particles [12].

Therefore, the 0ν2β decay is considered now as
a powerful test of new physical effects beyond the
SM, which allows one to narrow a wide choice of
theoretical models and to reach the multi-TeV energy
range competitive to accelerator experiments [1–4].

Despite many efforts to detect 0ν2β decay, this
process still remains unobserved [13]. The high-
est half-life limits were set in direct experiments:
T 0ν

1/2 ≥ 1022 yr for 82Se [14], 100Mo [15]; T 0ν
1/2 ≥ 1023 yr

for 116Cd [16], 128Te, 130Te [17], 136Xe [18]; and
T 0ν

1/2 ≥ 1025 yr for 76Ge [19, 20]. These results have

∗This article was submitted by the author in English.
**e-mail: zdesenko@kinr.kiev.ua
1063-7788/02/6512-2188$22.00 c©
brought the most stringent restrictions on the Majo-
rana neutrino massmν ≤ (0.5–5.0) eV, right-handed
admixture in the weak interaction λ ≈ 10−5, the
ν–Majoron coupling constant gM ≈ 10−4, and the
R-parity1)-violating parameter of the minimal SUSY
model ε ≈ 10−4. It is very desirable to improve this
level of sensitivity by one to two orders of magni-
tude [2, 4]. There are strong reasons that such a goal
has to be reached with several nuclei. First, there
are large discrepancies between calculated [1, 3] and
measured half-lives of the 2ν2β decay of 48Ca, 76Ge,
82Se, 96Zr, 100Mo, 116Cd, and 150Nd [13]; therefore, a
variety of 2β candidates has to be studied.2) Second,
the 2β-decay research is on the front edge of modern
technology; thus, new development could bring an
advantage to particular 2β-decay candidates, and,
hence, several of them should be used. Third, if 0ν2β
decay is observed by one experiment, such a discovery
will have to be confirmed with other nuclides and
by using another technique that should be properly
developed by then. For instance, the 76Ge result
T 0ν

1/2 ≥ 1021 yr obtained in 1970 [21] was advanced

up to T 0ν
1/2 ≥ 1025 yr after 30 years of strong efforts

[19, 20].

There are two classes of 2β-decay experiments:
with a “passive” source and with an “active” source,
where the detector containing 2β candidate nuclei

1)R-parity is defined as Rp = (−1)3B+L+2S , where B and L
are the baryon and lepton numbers, respectively, and S is the
spin.

2)Let us reinforce it by a citation from [4]: “The nuclear struc-
ture uncertainty can be reduced by further development of the
correspondingnuclearmodels. At the same time, by reaching
comparable experimental limits in several nuclei, the chances
of a severe error in the NME will be substantially reduced.”
2002 MAIK “Nauka/Interperiodica”
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serves as source and detector simultaneously. If the
0ν2β decay occurred, the sharp peak at the Qββ

value would be observed in the electron sum energy
spectrum of the detector. The sensitivity of the setup
can be expressed in terms of a lower half-life limit
as following [22, 23]: lim T1/2 ∼ ηδ

√
(mt)/(R · Bg).

Here, η is the detection efficiency; δ is the abun-
dance or enrichment of candidate nuclei contained in
the detector; t is the measuring time; m is the total
mass of the active or passive source; R is the energy
resolution (FWHM) of the detector; and Bg is the
background rate in the energy region of the 0ν-decay
peak. It is clear from this equation that η and δ are
the most important characteristics, because all other
parameters are under the square root. Obviously, ≈
100% enrichment and detection efficiency are very
desirable. The energy resolution of the detector is very
essential because events from the high-energy tail
of the 2ν distribution run into the energy window of
the 0ν peak, generating background that cannot be
discriminated from the 0ν signal. Better energy reso-
lution minimizes this irreducible background. Taking
into account these considerations and on the basis of
the present status of 2β-decay experiments, one can
formulate the following requirements for the future
projects:

(i) The best 0ν limits were reached with the help of
the active source method; thus, most likely, the future
projects will belong to the same class because only in
this case can the detection efficiency be close to 100%.

(ii) The highest 76Ge results were obtained with
≈10 kg of enriched detectors; hence, in the future
one has to exploit enriched sources with masses of
hundreds of kilograms. Only several candidate nuclei
(76Ge, 82Se, 116Cd, 130Te and 136Xe) could be mass-
produced by means of centrifugal separation [23].

(iii) Because of the square-root dependence of the
sensitivity vs. mass, it is not enough to increase the
detector mass alone. The background should also be
reduced down practically to zero.

(iv) The energy resolution is a crucial character-
istic, and for challenging projects the FWHM value
cannot be worse than ≈4% atQββ energy.

(v) The setups should be as simple as possible to
provide reliable operation during long (≈10 yr) future
experiments.

Evidently, it is difficult to find a project that would
completely satisfy these severe requirements. Let us
consider those proposed during the past few years
briefly.

A new approach to study 2β decay of 136Xe
(Qββ = 2468 keV) makes use of the coincident
detection of 136Ba2+ ions and the 0ν2β signal with
the energy of 2.5 MeV in a time projection chamber
PHYSICS OF ATOMIC NUCLEI Vol. 65 No. 12 20
(TPC) filled with liquid or gaseous Xe [24–26]. In
the recent EXO project [27], the resonance ionization
spectroscopy for the identification of 136Ba2+ ions
would be applied in a 40-m3 TPC operated at 5–10-
atm pressure of 1–2 t of 136Xe. The claimed sensitiv-
ity to neutrino mass is 0.01 eV [27]. Another idea is to
dissolve 80 kg (1.5 t) of enriched (natural) Xe in the
liquid scintillator of the BOREXINO Counting Test
Facility (CTF) in order to reach the T 0ν

1/2 limit in the

range of 1024–1025 yr [28].
The project MOON aims to make both the study

of 0ν2β decay of 100Mo (Qββ = 3034 keV) and the
real-time studies of low-energy solar ν by inverse
β decay [29]. The detector module will be com-
posed of 60 000 plastic scintillators (6 m× 0.2 m×
0.25 cm) with 34 t of natural Mo in the form of foil
(50 mg/cm2). The sensitivity of such a module to the
neutrino mass could be on the order of 0.05 eV [29].

In the DCBA proposal (KEK, Japan) [30], the drift
chamber placed in the magnetic field (0.6 kG) can
measure the momentum of each β particle emitted
in 2β decay and the position of the decay vertex with
the 3D reconstruction of the tracking. With 18 kg of
an enriched 150Nd (Qββ = 3367 keV) passive source
(50mg/cm2), the sensitivity to theMajorana neutrino
mass is 0.05 eV [30].

The experiment with 160Gd (Qββ = 1730 keV; δ =
21.9%) by using the GSOmulticrystal array with the
total mass of 1–2 t (200–400 kg of 160Gd) is sug-
gested with the projected sensitivity to the Majorana
neutrino mass of 0.04 eV [31].

The future Yb-loaded liquid scintillation detectors
LENS, which is under development for solar neutrino
spectroscopy [32], would also be used for studies on
2β− decay of 176Yb (Qββ = 1087 keV) and εβ+ decay
of 168Yb (Qββ = 1422 keV). With 20 tons of natural
Yb (2.5 t of 176Yb), the limit T 0ν

1/2 ≥ 1026 yr could be

set on 0ν2β decay of 176Yb (mν ≤ 0.1 eV) [33].
There are also two projects, NEMO-3 [34] and

CUORICINO [35], under construction now. The
sensitivity of the NEMO-3 tracking detector with
a passive source of 10 kg of 100Mo would be on
the level of 4 × 1024 yr (mν ≤ 0.3–0.5 eV) [36]. The
CUORICINO setup consists of 60 low-temperature
bolometers made of TeO2 crystals (mass of 750 g
each) and is designed as a pilot step for a future
CUORE project for the 2β decay quest of 130Te with
the help of one thousand TeO2 bolometers (total
mass of 750 kg) [35, 37]. With the energy resolution
of TeO2 bolometers of 5–10 keV at 2.5 MeV, the
CUORE sensitivity is quoted by authors for a dif-
ferent background rate (0.5–0.05 counts/(yr kg keV)
02
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at 2.5 MeV) and would be as high as T 0ν
1/2 ≥ (1–5) ×

1025 yr (mν ≤ 0.05–0.2 eV) [35, 37].
In addition, there are two projects for the 2β-decay

quest of 76Ge (MAJORANA [38] andGENIUS [39]).
The idea of the MAJORANA is to use 210 HPGe
(enriched in 76Ge to 86%) semiconductor detectors
(total mass of 500 kg) contained in a conventional
superlow-background cryostat and shielded by HP
lead or copper [38]. The segmentation of crystals
and pulse-shape analysis of data would reduce back-
ground rate to the level of 0.01 counts/(yr kg keV)
at an energy of 2 MeV, i.e., 6 times lower than that
already reached in the 76Ge experiments [19, 20]. The
MAJORANA sensitivity can be expressed with the
help of formula

lim T 0ν
1/2 = (ln 2)ηNt/ lim S, (1)

where N is the number of 76Ge nuclei, η is the de-
tection efficiency, t is the measuring time, and limS
is the maximal number of 0ν2β events which can be
excluded with a given confidence level. To estimate
value of limS, we can use the so-called “one (two,
. . . ) σ approach,” in which limS value is determined
simply as the square root of the number of back-
ground counts in the energy region of interest, multi-
plied by the parameter 1 (1.6 or 2) for the confidence
level of 68% (90 or 95%). After 10 yr of measurements,
about 200 background counts will be recorded in the
vicinity of 0ν peak (in a 4-keV energy interval), and
whereby one can get limS ≈ 20 counts at 90% C.L.
On this basis, the half-life limit can be determined
by formula (1) as T 0ν

1/2 ≥ 1027 yr. Depending on the
nuclear matrix element (NME) calculations [1, 3, 19,
40, 41], it leads to the following interval of the neutrino
mass limit:mν ≤ 0.05–0.15 eV.

TheGENIUS project intends to operate one ton of
“naked” HPGe (enriched in 76Ge to 86%) detectors
placed in extremely high purity liquid nitrogen (LN2),
which simultaneously serves as a cooling medium
and shield [39]. Owing to that, the background of
the GENIUS setup would be reduced by a factor
of 300 compared to that of present experiments [19,
20]. The feasibility of operating naked Ge detectors
in LN2 was demonstrated with three HPGe crystals
placed inside liquid nitrogen—the energy threshold
of 2 keV and the resolution of 1 at 300 keV were
obtained [42]. In accordance with the Monte Carlo
background simulations [39, 43], the necessary di-
mensions of the LN2 shield (to fully suppress the
radioactivity from the surroundings) should be about
12 m in diameter and 12 m in height. The required
radiopurity of the liquid nitrogen should be as low
as 10−15 g/g for 40K and 238U, 5 × 10−15 g/g for
232Th, and 0.05 mBq/m3 for 222Rn [39, 43]. All these
PH
requirements (except for radon) are less stringent
than those already reached for the liquid scintilla-
tors of the BOREXINO CTF (5 × 10−16 g/g for
232Th and 238U) [44]. The final conclusion is derived
that the total GENIUS background rate in the en-
ergy region of the 0ν2β-decay peak of 76Ge could
be reduced down to 0.2 count/(yr t keV) [39, 43].
On this basis, the T1/2 limit can be estimated sim-
ilarly as for the MAJORANA proposal. For a 10-
yr measuring time, the value of limS is equal to
5 counts (90% C.L.); thus, with 7 × 1027 nuclei of
76Ge, the bound T 0ν

1/2 ≥ 1028 yr could be achieved,
which translates to the neutrino mass constraints
mν ≤ 0.015–0.05 eV.

However, all the aforementioned projects require
a significant amount of R&D to demonstrate their
feasibility; thus, strong efforts and perhaps a long time
will be needed before their realization. To this effect, in
the present paper, we suggest the CAMEO program
of the high-sensitivity 2β-decay experiments, whose
accomplishment seems to be realistic.

2. CAMEO EXPERIMENT WITH 116116116CdWO444
SCINTILLATORS

It is proposed [45] to use the already existing
BOREXINOCTF [44, 46, 47] for the 2β-decay study
of 116Cd by placing 100 kg of enriched 116CdWO4

crystal scintillators in the liquid scintillator of the
CTF, serving as light guide and veto shield. The
CTF (installed in the Gran Sasso Underground
Laboratory) consists of an external 1000-t water tank
(�11 × 10 m) serving as shield for 4.8 m3 of liquid
scintillator contained in an inner vessel of �2.1 m.
The radiopurity of water is 10−14 g/g for U/Th,
10−10 g/g for K, and <5 µBq/l for 222Rn [44, 47].
The high-purity (5 × 10−16 g/g for U/Th) liquid
scintillator (1.5 g/l of PPO in pseudocumene) has
an attenuation length ≥ 5 m above 380 nm and a
principal scintillator decay time of 5 ns [48]. The inner
transparent vessel made of nylon film, 500 µm thick,
allows one to collect the scintillation light with the
help of 100 phototubes (PMT) 8 in. in diameter fixed
at a diameter of 7 m inside the water tank.

The 116Cd studies performed by the INR (Kiev)
in the Solotvina Underground Laboratory with the
help of 116CdWO4 crystals [16, 49–52] is consid-
ered as the pilot step of the CAMEO project. Let us
briefly recall their main results. The light output of
cadmium tungstate crystal scintillators (enriched in
116Cd to 83%) [49] is 40% of NaI(Tl), and maximal
peak emission is at 480 nmwith a principal decay time
of 14 µs [53]. The refractive index of CdWO4 crystal
is 2.3, the density is 7.9 g/cm3, and the material
YSICS OF ATOMIC NUCLEI Vol. 65 No. 12 2002
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is nonhygroscopic and chemically inert. In the lat-
est phase of the experiment, four 116CdWO4 crystals
(total mass 339 g) have been used. The detectors
are viewed by the low background 5 in. EMI tube
(with RbCs photocathode) through one light guide
�10 × 55 cm. Enriched detectors are surrounded by
an active shield made of 15 natural CdWO4 crys-
tals [54] with a total mass of 20.6 kg. The latter are
viewed by a PMT through an active plastic light guide
�17 × 49 cm. The whole CdWO4 array is situated in
an additional active shield made of plastic scintillator
40 × 40 × 95 cm3. The outer passive shield consists
of HP copper (3–6 cm), lead (22.5–30 cm), and
polyethylene (16 cm). The data acquisition records
the amplitude, arrival time, and pulse shape (PS) of
each 116CdWO4 event. The PS technique is based
on an optimal digital filter and ensures clear discrim-
ination between γ rays and α particles and, hence,
selection of “illegal” events: double pulses, α events,
etc. [53].

The energy resolution of the main detector is
11.5% at 1064 keV and 8.0% at 2615 keV. For
the energy spectrum measured for 4629 h with four
116CdWO4 crystals [16], the background rate in the
energy region of 2.5–3.2 MeV is 0.03 count/(yr
kg keV), which is achieved due to PS and time-
amplitude analysis of the data. For example, the
following sequence of α decays from 232Th family was
sought: 220Rn(Qα = 6.40 MeV, T1/2 = 55.6 s) →
216Po(Qα = 6.91 MeV, T1/2 = 0.145 s) → 212Pb.
The activity of 228Th in 116CdWO4 crystals was
determined at 38(3) µBq/kg. The same technique
applied to the sequence of α decays from the 235U
family yields 5.5(14) µBq/kg for 227Ac impurity in the
crystals [16].

The T1/2 limits for 0ν2β decay are set at T 0ν
1/2 ≥

0.7 (2.5) × 1023 yr at 90% (68%) C.L., while, for
0ν decay with Majoron emission, they are set at
T 0ν

1/2(M1)≥ 3.7 (5.8)× 1021 yr at 90% (68%) C.L. [16].
These translate into constraints on the neutrino mass
mν ≤ 2.6 (1.4) eV (using calculations [55]) and
on the neutrino-Majoron coupling constant gM ≤
12 (9.5) × 10−5 (with [56]), both at 90% (68%) C.L.
[16]. However, further advance of the neutrino mass
limit into the sub-eV domain could be possible only
in case of substantial sensitivity enhancement, which
is the main goal of the CAMEO project.

In the preliminary design of the CAMEO experi-
ment, 40 enriched 116CdWO4 crystals of large volume
(320 cm3) are placed in the liquid scintillator of the
CTF and homogeneously spread on the sphere 0.8 m
in diameter. With 2.5 kg of mass for each crystal
(�7 × 8 cm), the total number of 116Cd nuclei is
PHYSICS OF ATOMIC NUCLEI Vol. 65 No. 12 20
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Fig. 1. (a) The response functions of the CAMEO [45]
with 100 kg of 116CdWO4 crystals in the CTF (after 5-
yr measuring period) for 2β decay of 116Cd with T 2ν

1/2 =

2.7 × 1019 yr and T 0ν
1/2 = 1025 yr (solid histogram). The

simulated contribution from 208Tl in the PMTs (dashed
line) and from cosmogenic 110mAg (dotted line). (b) The
response functions of the 1000 kg of 116CdWO4 crystals
placed into a large liquid neutrino detector (BOREXINO,
etc.) for 2β decay of 116Cd with T 2ν

1/2 = 2.7 × 1019 yr and

T 0ν
1/2 = 1026 yr (solid histogram) and for 10-yr measuring

time.

1.5 × 1026. It is assumed that 200 PMTs with light
concentrators are fixed at a diameter of 5 m, provid-
ing an optical coverage of 80%. The CdWO4 scin-
tillator yields 1.5 × 104 emitted photons per 1 MeV
of the energy deposited. The GEANT Monte Carlo
simulation of the light propagation in this geometry
gives 4000 p.e. for 2.8-MeV energy deposit; thus,
the 0ν2β-decay peak of 116Cd would be measured
with an energy resolution FWHM equal to 4%. The
principal feasibility of obtaining such an energy res-
olution with CdWO4 crystal has been demonstrated
by the measurements with cylindrical CdWO4 crys-
tal (�40 × 30 mm) placed in transparent paraffin oil
(refractive index 1.5) [45]. A 42% increase of the
light collection and improvement of the energy reso-
lution has been obtained: the FWHM values (7.4% at
662 keV, 5.8% at 1064 keV, and 4.3% at 2615 keV) are
similar to those for NaI(Tl) crystals and have never
been reached before with CdWO4 scintillators [45].

The background simulation for the CAMEO was
performed with the help of the GEANT3.21 [57]
and DECAY4 [58] codes. The simulated contribu-
tions from different background sources and re-
sponse functions for 2β decay of 116Cd with T 2ν

1/2 =
02
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2.7 × 1019 yr and T 0ν
1/2 = 1025 yr are depicted in

Fig. 1a. The sensitivity of the CAMEO experiment
is T 0ν

1/2 ≥ 1026 yr, which translates to the neutrino
mass boundmν ≤ 0.06 eV [45]. It is also evident from
Fig. 1a that 0ν2β decay of 116Cd with a half-life of
1025 yr would be clearly registered. Moreover, with 1 t
of 116CdWO4 detectors placed in one of the existing
or future large underground neutrino detectors as
BOREXINO [44], the sensitivity is estimated at
T 0ν

1/2 ≥ 1027 yr (Fig. 1b), which corresponds to the
restriction on the neutrino mass of 0.02 eV [45]. The
simplicity and reliability are the main advantages of
the CAMEO technique with 116CdWO4 crystals, but
the poor energy resolution of the latter is a factor
that limits further sensitivity enhancement. Thus, in
the next section, we will consider the GEM project
devoted to the 2β-decay study of 76Ge with the help
of HPGe semiconductor detectors.

3. THE GEM PROJECT FOR THE 2β-DECAY
QUEST OF 76Ge

As it was mentioned, the project GENIUS [39] is
aimed at reaching the bound T 0ν

1/2 ≥ 1028 yr for the

2β decay of 76Ge (mν ≤ 0.015–0.05 eV). However,
to achieve such a goal, the GENIUS apparatus must
satisfy very stringent and contradicting demands. For
example, a super-low background rate of detectors
requires an ultrahigh purity of liquid nitrogen and
large dimensions of the vessel (�12 × 12 m) with
1000 t of LN2. The power and maintenance costs
of the LN2 purification system strongly depend on
the liquid nitrogen consumption, which, in turn, de-
pends on the dimensions of the LN2 tank (heat losses
through the walls are directly proportional to their
square) and the quality of the thermoinsulation. In the
GENIUS, a polyethylene foam insulation 1.2 m thick
is accepted [39], which would lead to a large LN2 con-
sumption. Thus, it could be very difficult to maintain
the required ultrahigh purity of LN2 during running
of the experiment because evaporation of LN2 is the
method of purification, so pure vapor will leave vessel,
while all impurities will stay in the remaining LN2.
These problemswould be checked and perhaps solved
with the help of the test facility (GENIUS-TF), which
is under development now [59]. Anyhow, it is clear
that production, purification, operation, and mainte-
nance of more than one kiloton of ultrahigh purity
liquid nitrogen in an underground laboratory would
require additional efforts and a considerable amount
of time.

Aiming to make realization of the high-sensitivity
76Ge experiment simpler, the GEM design is based
on the following keystone ideas [60]:
PH
(a) “Naked” HPGe detectors (enriched in 76Ge to
86–90%) operate in the ultrahigh purity liquid nitro-
gen serving as the cooling medium and the first layer
of the shield simultaneously.

(b) LN2 is contained in the vacuum cryostat made
of HP copper. The dimensions of the cryostat are as
minimal as necessary to eliminate the contribution of
the radioactive contaminations of the Cu cryostat to
the detector background.

(c) The shield is composed of two parts: (i) inner
shield—ultra-high purity LN2 (10−15 g/g for 40K and
238U, 5 × 10−15 g/g for 232Th, and 0.05 mBq/m3 for
222Rn); (ii) outer part—HP water, whose volume is
large enough to suppress external background to a
negligible level.

The optimization of the setup design was per-
formed with the help of the GEANT3.21 package
and event generator DECAY4. About 400 HP Ge
detectors (�8.5 × 8.5 cm, weight of 2.5 kg each) are
located in the center of a Cu sphere (inner enclosure
of the cryostat 4.5 m in diameter and 0.6 cm thick)
filled with liquid nitrogen. The detectors, arranged in
nine layers, occupied a space of 90 cm in diameter.
It is supposed that crystals are fixed with the help
of a holder system made of nylon strings. The thin
Cu wire �0.2 mm is attached to each detector to
provide signal connection. The outer encapsulation
of the cryostat 5 m in diameter is also made of HP
Cu 0.6 cm thick. Both spheres are connected by two
concentric Cu pipes with vacuum pump maintaining
10−6-torr pressure in the space between two walls of
the cryostat. The latter allow one to reduce the heat
current through the walls of the cryostat to the value
of 2.5 W/m2 [61]; thus, total heat losses (including
heat conduction through pipes, support structure,
and cables) are near 200 W. This corresponds to a
LN2 consumption less than 100 kg/d. The cryostat
is placed into the HP (10−14 g/g for 40K, 232Th,
and 238U and 10 mBq/m3 for 222Rn) water shield
with a mass of 1000 t contained in the steel tank
�11 × 11 m2. The dimensions of the CTF water tank
are practically the same (�11 × 10 m); hence, this
shield could be also used for the GEM experiment.
The design of the GEM setup reduces the LN2 vol-
ume and allows us to solve problems of thermoinsu-
lation, ultrahigh purity conditions, LN2 consumption,
safety requirements, etc.

The described model of the setup was used for
background simulations. The total mass of detectors
is equal to 1 t, liquid nitrogen mass is about 40 t,
Cu cryostat mass is 7 t, mass of the water shield
is 1000 t, holder-system mass is 2 kg, and mass
of Cu wires is 1 kg. The internal and external ori-
gins of the background were investigated carefully.
Internal background arises from residual impurities in
YSICS OF ATOMIC NUCLEI Vol. 65 No. 12 2002
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the Ge crystals themselves and surroundings (crystal
holder system, liquid nitrogen, Cu cryostat, water,
steel vessel) and from activation of all aforementioned
materials at the Earth’s surface. External background
is generated by events originating outside the shield,
such as photons and neutrons from the Gran Sasso
rock, muon interactions, andmuon induced activities.

The possible radioactive contaminations of the
Ge detectors and materials by 40K and 232Th/238U
chains were taken from the real measurements [19,
44, 59, 62, 63]. The radiopurity criteria supposed
for the liquid nitrogen (10−15 g/g for 40K and 238U,
5 × 10−15 g/g for 232Th) seem to be realistic in light
of the purity of the liquid scintillators already achieved
by the BOREXINO collaboration [44]. Moreover,
recently, the 222Rn contamination of the LN2 was
also reduced down to the level of 1 µBq/m3 [64]. It
was shown by our calculation that requirements for
the purity of the GEM water shield can be lowered
to the level of about 10−13 g/g for U/Th contamina-
tions [60].

Cosmogenic activities in HP 76Ge detectors were
estimated with the help of the programCOSMO [65].
An activation time of 30 d at sea level3) and a deac-
tivation time of 3 yr underground were assumed. It
was found that background at 2038 keV is caused
mainly by 22Na, 60Co, and 68Ga (a daughter of cos-
mogenic 68Ge), whose contributions could be lowered
to a value less than 3×10−2 count/(yr t keV) near
2038 keV [60].

Summarizing all background origins (internal and
external), the total background rate of the GEM
experiment is less than 0.2 count/(yr t keV) at
2038 keV. The simulated response functions of the
GEM setup after a 10-yr measuring time for 2β
decay of 76Ge with T 2ν

1/2 = 1.8 × 1021 yr [62] and

T 0ν
1/2 = 1027 yr, as well as the background contri-

bution from the holder system and Cu cryostat,
are depicted in Fig. 2. The background at energies
below 1950 keV is dominated by 2ν2β decay of 76Ge
(2.6×107 counts), while at 2040 keV the main contri-
butions are from contamination of the holder system
and Cu cryostat by U/Th chains. It is evident from
Fig. 2 that 0ν2β decay of 76Ge with T 0ν

1/2 = 1027 yr
would be clearly registered (42 counts in the 0ν2β-
decay peak). For a 10-yr measuring time, the value
of limS is equal to 5 counts (90% C.L.); thus, taking
into account the number of 76Ge nuclei (7 × 1027)
and detection efficiency (η ≈ 0.95), the sensitivity
of the GEM (expressed in the same manner as for

3)It was assumed that Ge materials and crystals were shielded
against activation during production and transportation.
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Fig. 2. The response functions of the GEM II setup [60]
with 1000 kg of HP 76Ge crystals and after 10 yr of
measurements for 2β decay of 76Ge with T 2ν

1/2 = 1.8 ×
1021 yr and T 0ν

1/2 = 1027 yr (solid histogram), as well
as the background contribution from contaminations of
the holder system and Cu cryostat by 232Th and 238U
families. In the inset, the summed spectrum in the vicinity
of the 0ν2β-decay peak of 76Ge is shown on a linear
scale.

the GENIUS project) is equal to T 0ν
1/2 ≥ 1028 yr

(mν ≤ 0.015–0.05 eV).

The realization of the GEM experiment seems to
be reasonably simple due to possibility of using the
existing BOREXINO CTF as an outer water shield.
One of the forthcoming large underground neutrino
detectors such as KamLand [66] or BOREXINO [44]
could also be appropriate for this purpose. The cost
of GEM is estimated at $150 million, whose main
part would be for the production of enriched materials.
However, the first phase of the project will be per-
formed with 1 t of natural HPGe detectors (total cost
is about $6 million), which nevertheless would bring
outstanding physical results. Indeed, the reachable
half-life limit is directly proportional to the enrich-
ment (abundance) of candidate nuclei contained in
the detector. For the GEM I, the natural abundance
of 76Ge (7.6%) is about 11 times smaller compared to
the enrichment assumed for the second stage (86%).
Because all other characteristics of the setup (η, m,
t, R, Bg) could be the same, the T1/2 bound, which
would be obtained with natural HPGe detectors, is
about one order of magnitude lower: T 0ν

1/2 ≥ 1027 yr.
This value translates to the neutrino mass constraint
mν ≤ 0.05 eV, which is also of great interest for many
theoretical models.
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Furthermore, another important issue of the GEM
project is the quest for the dark matter particles
(see reviews [67–69]). It has been already shown by
Monte Carlo simulations [39, 43] that, for the GE-
NIUS project exploiting 100 kg of natural HPGe de-
tectors, the background rate of 40 counts/(yr t keV)
could be obtained in the low-energy region (10–
100 keV) relevant for the WIMP dark matter study.
The main contributions to this rate are from (a) 2ν2β
decay of 76Ge (50%); (b) cosmogenic activities in
HP Ge crystals (25%); and (c) internal radioactive
contamination of the liquid nitrogen, Cu wires, and
holder system (25%). It is estimated that even lower
background could be reached in the GEM I setup,
where only an inner volume with 200 kg of HPGe
detectors will be used for the dark matter search,
while outer layers with the remaining 800 kg of HPGe
crystals would serve as a superhigh-purity passive
and active shield for the inner detectors [60]. Thus,
the GEM I setup with the energy threshold of 10 keV
and background rate of 40 counts/(yr t keV) (below
100 keV)4) would provide the highest sensitivity for

4)The main background origin for the dark matter quest with
PH
the WIMP dark matter search compared to other
projects (see, for example, [71, 72]). It is demon-
strated by the exclusion plots of the WIMP–nucleon
elastic-scattering cross section, which are calculated
for GEM I and depicted in Fig. 3 together with the
best current and other projected limits [73–77]. The
theoretical prediction for allowed spin-independent
elastic WIMP-proton scattering cross section ob-
tained in the framework of the constrained minimal
supersymmetric standard model (MSSM) [78] is also
shown there.5) It is obvious from Fig. 3 that GEM I
(and GENIUS) would test the MSSM by covering a
larger part of the predicted SUSY parameter space.
In that sense, both experiments could be competitive
even with LHC in the SUSY quest [80]. At the same
time, with a fiducial mass of HPGe detectors of 100–
200 kg, it would be possible to test and identify
unambiguously (within one year of data taking [81])
the seasonal modulation signature of the dark matter
signal from the DAMA experiment [76] by using an
alternative detector technology.

4. IMPLICATIONS AND CONCLUSIONS

Let us briefly discuss the physical implications
of the future 2β-decay experiments. As was men-
tioned in the Introduction, the modern gauge the-
ories offer many possibilities (besides conventional
left-handed neutrino-exchange mechanism) to trig-
ger the 0ν2β decay [1–3]. For instance, in left-right
symmetric GUT models, 0ν2β decay can be medi-
ated by heavy right-handed neutrinos [82]. It was
shown [83] that 2β-decay experiments with the sen-
sitivity level of mν ≤ 0.01 eV would be at the same
time sensitive to right-handed WR boson masses up
to mWR

≥ 8 TeV (for a heavy right-handed neutrino
mass 〈mN 〉 = 1TeV) ormWR

≥ 5.3 TeV (for 〈mN 〉 =
mWR

). These limits, which could be established by
the GEM II/GENIUS experiments, are nearly the
same as expected for LHC [80].

Leptoquarks (LQ), new type of gauge bosons
predicted by some GUTs, can induce 0ν2β decay
via LQ–Higgs couplings; thus, restrictions on their
masses and coupling constants can be derived [84].
Direct searches for LQ in deep inelastic ep scat-
tering at HERA give lower limits on their masses
MLQ ≥ 225–275 GeV (depending on the LQ type
and coupling) [85]. A detailed study [86] shows that

Ge detectors is cosmogenic activity of 3H produced in Ge
[39, 43, 70]. For GEM I, the total 3H activity is estimated at
5000 decays/(yr t), which contributes 10 counts/(yr t keV)
to the total background rate (10–100 keV) [60] and is in good
agreement with the result of [70].

5)Very similar predictions from theoretical considerations in
the MSSM with relaxed unification condition were derived
in [79].
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a GENIUS-like experiment would reduce the limit
on LQ–Higgs couplings down to 10−7 for LQ with
masses of 200 GeV. If no effect (0ν2β decay) is
found, this means that either LQ-Higgs coupling
must be smaller than 10−7 or there exist no LQ
(coupled to electromagnetic strength) with masses
below 10 TeV [86].

A hypothetical substructure of quarks and lep-
tons can give rise to a new 0ν2β-decay mechanism
by exchange of composite heavy Majorana neutri-
nos [87]; thus, compositeness could be checked at
low energy. Recent analysis [88] shows that the most
sensitive 0ν2β results at present with 76Ge [19, 20]
yield the bound on the excited Majorana neutrino
massmN ≥ 272GeV, which already exceeds the abil-
ity of LEP II to test compositeness, while future 76Ge
experiments (GEM II, GENIUS) would shift this
limit to mN ≥ 1 TeV, competitive with the sensitivity
of LHC [88].

There are also possible 0ν2β-decay mechanisms
based on supersymmetric (SUSY) interactions: ex-
change of squarks, etc., within R-parity-violating
[89–92] and exchange of sneutrinos, etc., inR-parity-
conserving SUSY models [93]. It allows 2β-decay
experiments to enter into the field of supersymme-
try, where competitive restrictions on the sneutrino
masses, R-parity-violating couplings, and other pa-
rameters could be obtained [94, 95].

Now, we are going to consider the role which
future 2β experiments can play in the reconstruc-
tion of the neutrino mass spectrum. At present, this
topic is widely discussed in the literature; thus, in-
terested readers are referred to the latest publica-
tions [10, 11, 71, 96–100, 70], while we will sum-
marize the most important results very briefly. There
exist several schemes for the neutrino masses and
mixing offered by theoretical models on the basis
of observed oscillation data for the solar and atmo-
spheric neutrinos [10, 11, 99]. Careful analysis of
these schemes performed in [10, 11, 99] leads to
the following statements: (a) effective neutrino mass,
〈mν〉, which is allowed by oscillation data and could
be observed in 2β decay, is different for different sce-
narios; hence, 2β-decay data could substantially nar-
row or restrict this wide choice of possible models;
(b) the whole range of allowed 〈mν〉 values is 0.001–
1 eV, where there are three key scales of 〈mν〉: 0.1,
0.02, and 0.005 eV [10]. Hence, it is obvious that
future 2β-decay experiments, whose sensitivity to the
neutrino mass limit would be on the order of 0.05 eV
(CAMEO, CUORE, EXO, GEM I, MAJORANA,
etc.) and 0.01 eV (GEM II, GENIUS), will bring cru-
cial results for the reconstruction of the neutrinomass
spectrum. The following citation [99] emphasizes our
statement: “The observation of the 0ν2β decay with
PHYSICS OF ATOMIC NUCLEI Vol. 65 No. 12 20
a rate corresponding to 〈mν〉 ≈ 0.02 eV can provide
unique information on the neutrino mass spectrum
and on the CP violation in the lepton sector, and if
CP-invariance holds, on the relativeCP parities of the
massive Majorana neutrinos.”

We can conclude that the challenging scientific
goal to reach the (0.01–0.05)-eV neutrino mass do-
main would indeed be feasible for the CAMEO and
GEM experiments, whose realization seems to have
practically no technical risk and could be relatively
simple due to the attractive possibility of using the
already existing BOREXINOCTF. Both experiments
will bring outstanding results for the 2β-decay stud-
ies as well as for the dark matter searches (GEM I
stage), which are of great interest and would provide
crucial tests of the key theoretical models of modern
astroparticle physics.
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Abstract—The NEMO collaboration is in the final stages of completing a detector to search for neutri-
noless double-beta decay. The experiment is called NEMO 3 and came on line at the beginning of 2002.
Located in the Fréjus Underground Laboratory, the detector holds 10 kg of double-beta-decay isotopes,
allowing one to study the effective neutrino mass down to approximately 0.1 eV. Thus, the detector has
the potential to confirm physics beyond the Standard Model. Three of the detector’s sectors have been
operating since June 2000 to perform diagnostic tests on the track recognition, the calorimeter, and the
software. The results of these diagnostic tests are presented with a discussion of the detector and source
backgrounds. c© 2002 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

The recent experimental findings from the Super-
Kamiokande detector [1] and the Sudbury Neutrino
Observatory (SNO) [2] point toward massive neutri-
nos given the solar and atmospheric neutrino data.
These findings raise the fundamental question: Are
the neutrinosDirac orMajorana particles? This ques-
tion is best answered through neutrinoless double-
beta decay (ββ0ν).

The objective of the NEMO (Neutrino Ettore Ma-
jorana Observatory) collaboration is to measure, via
ββ0ν, the effective neutrino mass 〈mν〉 with a limit
approaching 0.1 eV. This corresponds to a half-life
on the order of 1025 yr. To achieve this goal, two
prototypes were constructed. NEMO 2 [3] with a
few hundred grams of double-beta-decay isotopes
made significant progress in the area of two-neutrino
double-beta decay (ββ2ν). Here, NEMO 2 made
high-statistics measurements for the ββ2ν half-lives
of 100Mo [4, 5], 116Cd [6], 82Se [7], and 96Zr [8].
Additionally, valuable knowledge of backgrounds and
data analysis was gained. A description of the NEMO
3 detector, the current status of the experiment, and
estimates of backgrounds are given in this article.

2. NEMO 3 EXPERIMENT

The NEMO 3 experiment uses the same tech-
nologies as NEMO 2; however, all of the components

∗This article was submitted by the author in English.
**e-mail: ssutton@mtholyoke.edu
1063-7788/02/6512-2198$22.00 c©
have been carefully selected for their radiopurity. The
NEMO 3 detector is also capabable of holding 20
times the source material as NEMO 2. The construc-
tion of this experiment has been possible through
a moderately large international collaboration (ap-
proximately 45) involving the following laboratories
and institutions: LAL (Orsay), CENBG (Bordeaux),
IReS (Strasbourg), CFR (Gif-sur-Yvette, France),
CTUFNSPE (CzechRepublic), JINR (Dubna, Rus-
sian), ITEP (Moscow, Russia), INEEL (Idaho Falls),
MHC (South Handley, USA), and Jyväskylä Uni-
versity (Finland). NEMO 3, as was NEMO 2, is
located in the Fréjus Underground Laboratory (LSM
Modane) in France.

The experiment is based on the direct detection
of two electrons from thin foils of double-beta-decay
isotopes. Due to its design (see figure), the NEMO 3
device is able to easily operate with several double-
beta-decay isotopes and can accomodate up to 10 kg
of such sources in the form of thin foils which are
∼50 µmthick. Special interest is given to the isotopes
with high Q values of ββ decay, specifically 100Mo
(Qββ = 3034 keV) and 82Se (Qββ = 2995 keV).

Particle detection and identification involve two
measurements. A tracking volume allows recon-
struction of the paths of charged particles inside the
detector, and a calorimeter is capable of measuring
the energy of α, e+, e−, and γ particles. The tracking
part is composed of 6180 open octogonal drift cells,
270 cm long, which operate in Geiger mode. These
provide three-dimensional tracking of charged par-
ticles. The wire chambers are filled with a mixture
of helium gas and 4% ethyl alcohol to minimize
2002 MAIK “Nauka/Interperiodica”
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Schematic view of the NEMO 3 detector.
multiple-scattering effects. The tracking volume is
surrounded by a calorimeter that is made of 1940
blocks of plastic scintillators coupled to very low-
radioactivity Hammamatsu PMTs. The activity of the
PMTs are three orders of magnitude below standard
PMTs.

A daily survey of the absolute time and energy
calibrations with a laser system is planned for the
NEMO 3 calorimeter. In this system, a small scin-
tillator converts the laser pulse into a properly shaped
and wavelength-shifted (420 nm) signal that simu-
lates a one-electron event in the scintillator. This light
is delivered by optical fibers (1940 fibers in all) to the
PMTs. An accuracy of 1% for this energy calibration
survey is assured by a comparison with six reference
PMTs that are continuously exposed to 207Bi sources.

The recognition of pair production (e+e−) in the
source foils is accomplished with a vertical magnetic
field of 30 G, generated with a solenoid that sur-
rounds the detector. An external shield, made of low-
radioactivity iron and 20 cm thick, covers the detector
in order to reduce γ-ray and thermal-neutron external
backgrounds coming from the laboratory walls. To
thermalize fast neutrons present in the laboratory, an
additional outer shield of water is planned. It will be
made of ten water tanks that provide a 35-cm layer of
water.

3. CURRENT STATUS OF THE EXPERIMENT
3.1. Status of the Detector Construction

The construction of the 20 sectors has been com-
pleted. All the sectors are equipped with source foils,
TOMIC NUCLEI Vol. 65 No. 12 20
mounted on the detector frame, and merged in the
Fréjus Underground Laboratory. By the end of Au-
gust 2001, the detector had been filled with He gas.
The Geiger cells and PMTs are currently being tested
and calibrated. After this, the magnetic coil, the iron
shielding, and the neutron shield will be added.

Though NEMO 3 was originally designed to
run with 10 kg of 100Mo, the detector is currently
equipped with 7.2 kg of 100Mo and other different
double-beta-decay isotopes. Finally, there are also
foils devoted to measurements of external back-
ground. A list of foil materials and respective quan-
tities is summarized in Table 1.

Table 1. Sources installed in the NEMO 3 detector and
their respective quantities

Isotope Study Mass, kg Number sector
100Mo ββ0ν, ββ2ν 7.2 12
82Se ββ0ν, ββ2ν 1 2.3
116Cd ββ0ν, ββ2ν 0.4 1
130Te ββ0ν, ββ2ν 0.6 1.8
150Nd ββ0ν, ββ2ν 0.048 0.14
96Zr ββ2ν 0.02 0.03
48Ca ββ2ν 0.07 0.03

Cu Background 0.6 1
natTeO2 Background 0.9 1.0
02
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Table 2. Total activity for each of the components of the detector

Component
name

Weight, kg
Total activity, Bq

40K 214Bi 208Tl 60Co

PMTs 600 830 300 18

Scintillators 5000 <100 <0.7 <0.3 1.8 ± 0.4

Copper frame 25 000 <125 <25 <10 <6

Iron petals 10 000 <50 <6 <8 17 ± 4

µmetal 2000 <17 <2 2.0 ± 0.7 4.3 ± 0.7

Wires 1.7 <8 × 10−3 <10−3 <6 × 10−4 10−2

Iron shielding 180 000 <3000 <300 <300 300 ± 100
3.2. Studies Carried Out with Three Sectors

As a preliminary test, three sectors have been
successfully running since June 2000. Tests on the
tracking and scintillator detectors were carried out
to adjust the PMTs and the Geiger cells for optimal
working voltages. Simultaneously, trigger and data
acquisition tests were also carried out. Finally, thor-
ough studies of track and vertex reconstruction for the
tracking volume were carried out.

For track reconstruction, a neutron source, 252Cf
with a flux of 1300 neutrons per second, was placed on
the exterior wall of the three sectors. Neutrons were
thermalized by a paraffin shield surrounding the 252Cf
source. Some neutrons were then captured on the
copper inside the frame of the detector, which gen-
erated high-energy photons. These photons Comp-
ton scattered in the plastic scintillators to give high-
energy electrons (Ee > 3.5 MeV). Due to the ab-
sence of a magnetic field, the electrons leave straight
tracks in the tracking chamber and are used to study
longitudinal and transverse track reconstruction pro-
vided by the Geiger cells. The results of the 11-h run

Table 3.Measured activities of the source foils

NEMO 3 foil Activity, µBq/kg

isotope type 208Tl 214Bi
100Mo Metallic <104 <300
100Mo Composite <140 <90
82Se Composite 400 ± 100 1200± 500
116Cd Metallic <500 <1500
130Te Composite <510 <680

Cu Metallic <33 <117
natTeO2 Composite <333 <167
PH
showed that the average transverse resolution of the
Geiger cells (in the horizontal plane of the detector) is
0.7 mm and the longitudinal resolution (in the vertical
direction, along the drift cell) is 1 cm.

The vertex reconstruction was also studied with
207Bi, a β emitter. These sources have an activity of
2–3 nCi and were placed in special tubes designed
for calibration measurements. The tubes were then
inserted along the source foils inside the detector.
Each sector has one such tube accomodating three
calibration sources. It was found that the transverse
resolution is 0.2 to 0.3 cm and the longitudinal one
is 0.8 to 1.1 cm. This range of values depends on
the electron energy. The lower values correspond to
electrons with 1 MeV, while the higher ones to elec-
trons with 500 keV. In summary, the track and vertex
reconstruction performances are more than sufficient
for NEMO 3.

4. EXPECTED BACKGROUND AND SOURCE
RADIOPURITY

Backgrounds in the experiment are identified as
one of two types. The first one originates in the ββ
source foils and is called the internal background.
The second, called external background, has its origin
outside the detector, in the laboratory hall. The exter-
nal background is mainly due to photons, neutrons,
and radon gas. The cosmic-ray contribution is neg-
ligible because the detector is located in the Fréjus
Underground Laboratory, providing an efficient shield
of 1780 m of rock that corresponds to 4850 mwe.

For NEMO 3, the expected background for the
ββ0ν signal has three origins. The first one is due
to the β decays of 214Bi and 208Tl (both having high
Q values), which are present as an “internal back-
ground” and come from the uranium and thorium
decay chains. They can mimic double-beta-decay
events by β emission followed by the Möller effect
YSICS OF ATOMIC NUCLEI Vol. 65 No. 12 2002
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or by a β–γ cascade followed by a Compton effect.
The second origin of the ββ0ν background comes
from the interaction of high-energy γ rays with the
source foils (external background). These photons are
created by neutron captures inside the detector frame
and from radioactivity in the detector components. It
seems now that the above-mentioned backgrounds
can be reduced to a negligible level. However, another
background is the most troublesome one. It is the
tail of the ββ2ν decay, which is always present in the
window of interest, 2.8 to 3.2 MeV.

All the detector components have been carefully
selected to be ultrafree of 214Bi, 208Tl, and 40K. In
Table 2, radioactivity measurements with HPGe de-
tectors of the NEMO 3 components are shown. Note
the radioactive contamination in the detector is dom-
inated by the low-radioactivity PMT glass.

The limits on the source foil radiopurity were de-
termined in order to minimize the contribution to the
ββ0ν signal from 208Tl and 214Bi. The objective for
the 100Mo source strips was for them to have activities
less than 20 µBq/kg in 208Tl and 300 µBq/kg in
214Bi. To reach these strict specifications, purification
methods for molybdenum were successfully devel-
oped.

The first one, which was developed at ITEP
(Moscow, Russia), is based on purification by local
melting of a solid molybdenum rod with an elec-
tron beam and then drawing an ultrapure 100Mo
monocrystal from the liquid portion. After that, the
crystal is rolled into a thin metallic foil ready to be
used in the detector.

The second method of purification is chemical in
nature and was developed at INEEL (Idaho, USA).
Purified 100Mo is produced in the form of powder
that is then used for fabrication into sandwichlike
composite foils with a binding paste and mylar strips.
Themylar strips were previously irradiated with an ion
beam and then etched with a chemical process to form
a good bonding surface.

The radiopurity of the these and other source foils
were measured by HPGe detectors in the LSM. Ta-
ble 3 shows that, with the exception of the 82Se foils,
PHYSICS OF ATOMIC NUCLEI Vol. 65 No. 12 20
only upper limits in 208Tl and 214Bi activities were es-
tablished for all the foils installed inside the NEMO 3
detector.

5. CONCLUSION

The sensitivity of the NEMO 3 detector to see the
ββ0ν signal has been calculated for five years of data
acquisition. This has been done for the energy window
of 2.8–3.2 MeV for the 100Mo and 82Se sources. The
ββ0ν detection efficiency is estimated to be 14%.
Under the assumption that ββ2ν decay is the only
background, then there will be six background events
for 7 kg of 100Mo and zero background events for 1 kg
of 82Se.

Since June 2000, the three sectors have been suc-
cessfully running in the LSM laboratory. This trial run
has provided a thorough test of the functionality of the
counters and a study of the track and vertex recon-
struction ability of the wire chamber. It was verified
that the reconstruction performances of the tracking
device fully satisfy the NEMO 3 requirements. At the
beginning of 2001, the complete detector started its
investigation of neutrinoless double-beta decay.
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1. INTRODUCTION

Experimental results on solar and atmospheric
neutrinos [1, 2] have opened a new and exciting era.
Oscillations between neutrinos of different flavor re-
quire a neutrino mass term and a flavor lepton number
violation that cannot be accommodated simply within
the Standard Model. The neutrino flavor eigenstates
|να〉 (α = e, µ, τ ) are then expressed in terms of their
mass eigenstates |νi〉 (i = 1, 2, 3), |να〉 = Uαi|νi〉.
The mixing matrix U can be parametrized with six
independent parameters: three mixing angles θ12,
θ13, θ23; two mass-squared differences ∆m2

12, ∆m2
23

(∆m2
ij = m2

i −m2
j ); and a CP-violating phase δ.

In the current interpretation of the collected data
(Fig. 1),

(i) the solar neutrino deficit could be accounted
for by νe → νµ oscillations with |∆m12|2 ∼ 10−5 eV2

and sin2 θ12 ∼ 5 × 10−3 (SMA) or 0.8 (LMA) or
|∆m12|2 ∼ 10−7 eV2 (LOW) [1];

(ii) the Super-Kamiokande data on atmospheric
neutrinos [2], combined with the CHOOZ results [3]
which give a limit sin2 θ13 ≤ 0.05, exclude νµ → νe

oscillations, resulting in νµ → ντ with |∆m23|2 ∼
2.5 × 10−3 eV2 and sin2 θ23 ∼ 1;
(iii) all three known neutrinos participate actively

in the oscillations; in the limit |∆m2
12| 	 |∆m2

23|, the
oscillations driven by |∆m2

12| can be neglected and
the solar and atmospheric ν oscillations appear to be
largely decoupled. The resulting leading-oscillation
probabilities for ν of energy Eν propagating for a
distance L in vacuum are described by only ∆m2

23,
θ13, and θ23:

Pνe→νµ = sin2 θ23 sin2 2θ13 sin2 ∆m2
23L

4Eν
, (1)

∗This article was submitted by the author in English.
**e-mail: alberto.guglielmi@pd.infn.it
1063-7788/02/6512-2202$22.00 c©
Pνe→ντ = cos2 θ23 sin2 2θ13 sin2 ∆m2
23L

4Eν
, (2)

Pνµ→ντ = cos4 θ13 sin2 2θ23 sin2 ∆m2
23L

4Eν
. (3)

However, accounting for the most favored LMA solar
solution, all six parameters of the mixing matrix are
involved, i.e.,

Pνe→νµ = sin2 θ23 sin2 2θ13 sin2

(
∆m2

23L

4Eν

)
(4)

+ cos2 θ23 sin2 2θ12 sin2

(
∆m2

12L

4Eν

)

+ J cos
(
δ − ∆m2

23L

4Eν

)
∆m2

12L

4Eν
sin
(

∆m2
23L

4Eν

)
,

where J = cos θ13 sin 2θ23 sin 2θ13.
This phenomenological description will result in a

more complex one if the claim of the LSND experi-
ment on ν̄µ → ν̄e [4] is confirmed (large parts of the
parameters have been excluded by KARMEN II [5]).
Experiments at accelerators can explore different

regions of the sin2 2θ–∆m2 plane according to L/E.
In particular, the study of the LSND effect and of the
atmospheric ν requires L/Eν ∼ 1 and 100 km/GeV,
respectively. Over the next ten years, a new genera-
tion of experiments at accelerators with long-baseline
νµ beams [6], K2K at KEK (L = 250 km, Eν ∼
1.5 GeV), NUMI at FNAL, and CNGS at CERN
(L = 732 km, Eν ∼ 8, 17.7 GeV), are expected to
confirm the νµ → ντ interpretation of the atmospheric
ν deficit and to measure sin2 2θ23 and |∆m2

23| within
20% if |∆m2

23| > 10−3 eV2. A direct check of the
LSND results will be performed by the MiniBooNE
experiment (L ∼ 0.5 km, Eν ∼ 0.8 GeV) [4]. In
addition, further solar ν measurements and new long-
baseline reactor experiments are expected to select
the solar oscillation solution [7]. However, in the end,
some open questions will still remain:
2002 MAIK “Nauka/Interperiodica”
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(i) the angle θ13, which is the link between the
solar and the atmospheric ν;

(ii) the sign of ∆m2
23, which determines the mass

spectrum of the three-family ν;
(iii) the existence of a leptonic CP-violating phase

δ 
= 0.

2. CONVENTIONAL HIGH-ENERGY
NEUTRINO BEAMS

High-energy accelerators provide neutrino beams
through the decay of π and K produced by high-
energy protons on light targets. Positive (negative)
mesons are focused (defocused) by magnetic horns in
a long evacuated decay tunnel where νµ (ν̄µ) are gen-
erated. The residual hadrons and muons are stopped
by a heavy absorber. This conventional scheme, suc-
cessfully applied in the past (see Fig. 2 [8]) and also in
the K2K experiment, will be used in the MiniBooNE
and CNGS, and NUMI long-baseline projects. Typi-
cally, such a νµ beam has a contamination of ν̄µ at the
few-percent level and ∼ 1% of νe and ν̄e coming from
K±,K0, and µ+ decays, which affect the experimen-
tal sensitivity in the oscillation searches.
A sound knowledge of π and K production is

required in order to predict ν energy spectra and
composition. Indeed, the accurate description of the
K+ flux relative to the π+ flux is essential to calculate
the νe component in the beam. For these purposes,
direct measurements of π and K production in Be
by 400-GeV/c protons were performed by the NA20
collaboration [9] and by the SPY collaboration [10]
(at 450 GeV/c with a precision better than 3% on
the K/π ratio). Monte Carlo generators of hadronic
interactions have a poor accuracy for the meson pro-
duction, which limits the sensitivity to neutrino oscil-
lation searches. The best agreement between predic-
tions and data was foundwith the FLUKA standalone
code [11], which reproduces the measured π and K
yields at the level of ∼ 20% (Figs. 3, 4) and the cor-
responding K+/π+ at 10% in the momentum region
30–100GeV/c, which is expected to contribute most
to a ν flux [12].
A neutrino beam at a high-energy proton accel-

erator is a quite complicated cascade of meson decay
and reinteraction processes in the beam-line mate-
rials. An accurate description of the primary proton
beam spot, the focusing system, and the materials in-
serted in the beam line from the target to the dump is
necessary. Protons missing the target will interact in
the downstream materials, producing a large fraction
(∼ 30%) of the defocused component ν̄µ and ν̄e.
These studies have been particularly relevant

for the NOMAD experiment [13] searching for the
PHYSICS OF ATOMIC NUCLEI Vol. 65 No. 12 20
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Fig. 1. Atmospheric, solar, and LSND ν oscillation
parameter regions and the corresponding CHOOZ,
KARMEN II, and Bugey 90%-C.L. exclusion plots.

νµ → ντ and νµ → νe oscillations at CERN SPS [8],
using such a conventional νµ beam (Eν � 24 GeV)
produced by 450-GeV/c protons on a Be target. The
νµ → νe transitions were searched for as an excess
of the νe events with respect to that expected from
the natural contamination of the beam (φνe/φνµ ∼
1%). The high resolution and granularity of the
NOMAD detector allowed the study of this conven-
tional neutrino beamwith an unprecedented accuracy
and statistics resulting in a stringent benchmark for
the neutrino beams for the K2K, NUMI, and CNGS
projects. A complete analysis of this ν beam was
performed by a beam-line simulation from the Be
target up to the NOMAD detector including the
FLUKA generator with further corrections to the
meson production based on the residual differences
between the predicted and measured meson yield in
Be. The agreement with the measured ν interactions
in NOMAD is at the few-percent level with a sys-
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tematic error of ∼7% on νµCC/p.o.t. and of ∼5% on
νe/νµ event ratio (Fig. 5).

As a conclusion, conventional ν beams at accel-
erators are not pure νµ (νe) beams and knowledge
of their composition suffers mainly from the uncer-
tainties on the hadronic processes involved during
generation and particle transport. In order to solve the
neutrino mass and mixing puzzles, higher intensity,
more collimated, and better defined ν beams than the
conventional ones are needed in the next-generation
experiments.

3. THE NEUTRINO FACTORY

As an alternative approach to overcome the lim-
itations from conventional neutrino beams, the neu-
trino production by muon decay from a pure muon
beam can be considered. This is indeed a perfectly
well-known weak process, and the muon beams can
be well measured in momentum and intensity. The
basic concepts for a muon collider were introduced
by Budker and Skrinsky [14]. Detailed calculations
PHYSICS OF ATOMIC NUCLEI Vol. 65 No. 12 20
for such a neutrino factory (νF) were presented by
Koshkarev [15] and then developed in the United
States [16] and CERN [17] as the first step of a larger
new physics program based on muon colliders.
In the CERN-proposed layout for a νF (Fig. 6), a

4-MW proton beam is accelerated up to 2.2 GeV/c
by a superconducting proton linac (SPL) to produce
low-energy π in a thin Hg target (1023 p.o.t./yr)
after some accumulation and bunch compression. A
collection system (magnetic horns) is envisaged to
capture as many π and µ produced in their decay in
few tens of meters as possible. Muons are then cooled
and phase-rotated to reduce their phase space before
being accelerated through a system of linacs up to
50 GeV/c. Finally, the 50 GeV/c µ of well-defined
charge and momentum are injected into the accu-
mulator, where they will circulate until they decay,
delivering two intense ν beams along the two main
straight sections. Either muon sign can be selected.
From a general point of view, the νF approach

relies on a completely different strategy than con-
ventional ν facilities, where only a fraction of the fo-
02
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cused high-energy mesons produced by high-energy
protons on a target decay giving neutrinos. In a νF
based on µ decay, the primary beam power is used
to produce as many π (and µ) per GeV as possible.
Hence, the factory has to capture the largest fraction
of resulting µ and to manipulate them in order to re-
duce their phase space in view of the final acceleration
stage to produce high-energy ν. The decay tunnel
typical of the conventional ν beam is replaced by the
storage ring, where each µ circulates until it decays.
The major advantages of a νF over a conventional ν
source are the following:
(i) The decay µ+ → e+νeν̄µ (µ− → e−ν̄eνµ) pro-

duces a pure neutrino beam with equal numbers of
ν̄µ, νe (νµ, ν̄e).
(ii) The resulting ν are well collimated: their an-

gular divergence is extended a factor of 5 less than in

 

ν

 

µ

 

ν

 

e

 

2

1

0

2

1

0 0.2 0.4 0.6 0.8

 

E

 

ν

 

/

 

E

 

µ

 
(1/

 
N

 
)

 
dN

 

ν

 
/

 
d

 
(

 
E

 

ν

 
/

 
E

 

µ

 
)

Fig. 7. Neutrino spectra at νF.
PH
a conventional ν beams, extending neutrino exploita-
tion to over several thousand kilometers of distance.
(iii) The µmomentum and neutrino energy spectra

are well defined (accurate determination of Pµ by spin
precession measurement) and tunable to experimen-
tal requirements:

d2Nνµ, ν̄µ

dyds
=

E2
µ

πm2
µL

2
2y2 (3 − 2y)Θ(y)Θ(1 − y),

(5)

d2Nνe, ν̄e

dyds
=

E2
µ

πm2
µL

2
12y2 (1 − y)Θ(y)Θ(1 − y),

(6)

where ds is the detector area at a distance L, y =
Eν/Eµ, and the Θ functions account for the angular
distributions (Fig. 7).
(iv) The neutrino flux φν � E2

ν , while in conven-
tional neutrino beams φν � Eν ; the expected number
of charged current neutrino events and of the corre-
sponding oscillation events at a distance L will be

NCC � φν σν � Eν
3

L2
, (7)

Nosc � φν σνPosc �
Eν

3

L2
sin2 L

Eν
� Eν , (8)

where σν is the charged current interaction cross sec-
tion and Posc is the oscillation probability. The optimal
beam energy at the νF will be as large as possible:
Eµ = 50GeV (Eνµ ∼ 34 GeV).
(v) The ν flux intensity is expected to be more

than 100 times the one in conventional beams: with
Pµ = 50 GeV/c and 0.3 × 1021 µ decay/yr, the ex-
pected ν interaction events at 732 km of distance are
YSICS OF ATOMIC NUCLEI Vol. 65 No. 12 2002
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Oscillation channels accessible at νF (µ+ decay)

Oscillation channel Experimental signature

νe → νµ Appearance mode: detection of wrong-sign muons, µ−

ν̄µ → ν̄e Appearance mode: detection of wrong-sign electrons, e+

νe → νx Disappearance mode: energy spectrum and NC/CC

ν̄µ → ν̄x Disappearance mode: energy spectrum and NC/CC

νe → ντ Appearance mode: detection of τ− events

ν̄µ → ν̄τ Appearance mode: detection of τ+ events
0.6 × 106 νµCC/(kt yr) (from µ− decay) and 0.5 ×
106 νeCC/(kt yr) (from µ+ decay) to be compared to
2.4 × 103 νµCC/(kt yr) and 20 νeCC/(kt yr) for the
CNGS ν beam.

(vi) The νF will give a pure ν beam: the sensitivity
to oscillations will increase linearly with the statistics,

Pνµ→νe � 1
φνµ

, (9)

while in the conventional beams it increases only with
the square root of the statistics because of the νe

contamination of the beam B = φνe/φνµ :

Pνµ→νe �
√
φνe

φνµ

=
√
B√
φνµ

. (10)

(vii) The ν intensity can be precisely determined
(within 1%) from the measurement of a monochro-
matic µ current circulating in the storage ring.

The νF lends itself naturally to the exploration
of ν oscillations between ν flavors with a high sen-
sitivity to small mixing angles and small mass dif-
ferences (see table). The detector should be able to
perform both appearance and disappearance experi-
ments, providing final lepton identification and charge
discrimination, which is a tag of the initial flavor and
oscillation.

Among the many possibilities for studying ν os-
cillations in different channels, the search for νe →
νµ probing small sin2 2θ13 appears to be very at-
tractive at νF. In fact, this transition can be studied
in the appearance mode looking for µ− (appearance
of wrong-sign µ—see table) in ν beams where the
searched-for ν type is totally absent (µ+ beam in νF).
Detailed studies for a 40-kt magnetic detector were
performed [18–20]. Assuming∆m2

23 � 3× 10−3 eV2

and sin2 2θ23 � 1, it will be possible to measure θ13

with a 0.2◦ precision down to 1◦ at L = 3500 km
for 1021 µ decays, Eµ = 50 GeV. Similarly, it will be
PHYSICS OF ATOMIC NUCLEI Vol. 65 No. 12 20
possible to detect ν̄µ → ν̄τ transitions by both ν̄µ dis-
appearance and τ+ appearance measuring sin2 2θ23

and |∆m2
23| within 1%.

If neutrinos are propagated for large distances
through the Earth, the oscillation probabilities for
transitions involving also νe or ν̄e will be modified by
the MSW effect depending upon the sign of ∆m2

23

(neglecting the difference ∆m2
12):

∆m2
32 → −∆m2

32, if Pνe→νµ → Pν̄e→ν̄µ . (11)

At the distance L ∼ 3500 km, sin2 2θ13 	 1, for
∆m2

23 > 0 (∆m2
23 < 0) the probability Pνe→νµ is

enhanced (suppressed) and Pν̄e→ν̄µ is suppressed
(enhanced) by matter effects. Thus, comparison of
the νe → νµCC event rate with the ν̄e → ν̄µCC rate
can discriminate the ∆m2

23 sign at 99% C.L. for
θ13 ∼ 1◦–10◦ and |∆m2

23| ∼ (1–5) × 10−3 eV2, with
1021 µ decays for both µ+ and µ− beams.

Potentially, aCP-violation test in the lepton sector
is envisaged in the LMA scenario measuring, with
both µ+ and µ− beams, the asymmetry

A =
Pνe→νµ − Pν̄e→ν̄µ

Pνe → νµ + Pν̄e→ν̄µ

(12)

=
sin 2θ12

sin θ13
sin δ sin

∆m2
12L

4Eν
,

by detecting “wrong-sign muons.” In this case, δ
and sin θ13 have to be measured simultaneously in
both µ+ and µ− beams, requiring the use of a “near”
(L = 732 km) and a “far” (L = 3500 km) detector
(matter effects will also introduce a fake CP-violating
term that hides the genuine one). dependence of A on
Eν and L will allow one to disentangle δ and sin θ13.
The case δ = 0 (no CP violation) will be recognized
from δ = 90◦ (maximum CP violation) at 99% C.L. at
3500 km of distance if |∆m2

12| ≥ 2 × 10−5 eV2.

Finally, a close detector located at the end of the
straight section of the νF allows a very rich physics
02
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program. The beam would be very intense and colli-
mated: ∼ 3 × 106 ν interactions can be observed per
(kg yr) of the target detector. Precise measurements
of structure functions, valence and sea quark distri-
butions, spin content of quarks, and sin2 θW could be
obtained.

4. SUPERBEAMS

As a different option, production of a conventional
ν superbeam of very high intensity and low energy has
been considered.
In the CERN–Modane project, similar to the

Neutrino Factory scheme, a 4-MW 2.2-GeV proton
beam from the SPL will generate an intense focused
π+ (π−) beam that will produce an intense νµ (ν̄µ)
beam with an average energy of 0.25 GeV by π decay:
π+ → νµµ

+, µ+ → ν̄µνee
+. The expected flux at

50 km is φν ∼ 1.7 × 1014νµ/(1023 p.o.t. 100 m2).
The νe component from K+ decay will be largely
suppressed: the resulting φνe/φνµ ∼ 0.4% contam-
ination, essentially from the µ decay, will be known
within 2%. The use of a near and a far detector at
L = 130 km will allow both νµ disappearance and
νe appearance experiments. With a far 40-kt water
Cherenkov detector, it will be possible to measure
in 5 years (1023 p.o.t./yr) sin2(2θ13) ≥ 0.007 and
sin2(2θ23) and |∆m2

23| within 2% of error in the
parameter region of the atmospheric ν [21]. However,
a poor sensitivity to CP violation is expected; the case
δ = 0 can be distinguished from δ = 90◦ at 90% C.L.
only for a restricted set of parameters.

Similar sensitivities are expected in the JHF
project [22], where a 50-GeV/c proton beam of
0.77 MW from the PS (upgraded to 4 MW in the
second phase) will produce a very intense νµ super-
beam with an energy of 1 GeV. For 1021 p.o.t./yr,
PH
about 5000 νµCC/yr are expected in the Super-
Kamiokande detector at 295 km of distance. How-
ever, due to the high proton energy, this superbeam
will be affected by the problems of the conventional
neutrino beam: as in the past, the experimental
sensitivity will be limited by theK+/π+ uncertainty.

5. THE HARP EXPERIMENT

The design of the sophisticated setup of νF re-
quires large R&D on hadron production, muon cool-
ing, and storage facilities. The existing data on π pro-
duction [23], mainly on Be targets with ∼ 15% preci-
sion, cover only a small fraction of the phase space
at low momenta, requiring extrapolations by pro-
duction models. However, current simulations show
30–100% discrepancies with respect to the available
data.
TheHARP experiment [24], in operation at CERN

PS, was designed to measure with a 2% overall pre-
cision the secondary hadron production on various
nuclear targets by proton and pion beams in the mo-
mentum range between 2 and 15 GeV/c:

(i) to acquire adequate knowledge of π yields for
an optimal design of a νF: the π yield per incident
proton per GeV; the transverse (PT ) and longitudinal
(PL) momenta of the secondaries, which affect the
efficiency of the transverse capture and the first phase
rotation, respectively;

(ii) to improve substantially the calculation of the
atmospheric ν flux needed for refined study of atmo-
spheric ν;

(iii) to measure the low-momentum backward-
going π yield for a high-intensity stopped-muon
source;
(iv) to increase the reliability of hadron generators

in MC simulations.
YSICS OF ATOMIC NUCLEI Vol. 65 No. 12 2002
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Dedicated measurements with the target of the
K2K and MiniBooNE experiments will be performed
at 12- and 8-GeV/c proton momenta, respectively.
The experimental exploitation requires P mea-

surements in the 100 MeV/c–10 GeV/c range, a
large acceptance (also in the backward direction),
and a good e, µ, π,K, p recognition. Different particle
identification techniques are used in HARP (Fig. 8):
for low momenta dE/dx in Ar and methane TPC
complemented with TOF measurements, σTOF ≤
200 ps resolution, with RPC counters and a scintilla-
tion counter TOF wall (10 m of flight base-line); for
high momenta a C4F10 threshold Cerenkov counter
complemented with the TPC informations.
The target will be placed inside the TPC in a 0.7-T

solenoid that will provide the particle identification at
large PT and total P measurement of the secondaries.
The P measurement of the secondaries in the forward
direction is performed by a magnetic spectrometer
composed of a large-aperture magnet withB = 1.5 T
embedded in large drift chambers. The π0 measure-
ment and beam muon identification are performed
with an electromagnetic and a hadron calorimeter.
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Abstract—Intense pulsed proton beams of ∼ 1 GeV impinging on high-Z targets are intense sources of
νµ from the (τ = 26 ns) decay of π+, and ν̄µ and νe from the stopped µ+ decays. A pulse structure, narrow
in time, allows the separation of reactions due to νµ from those from reactions involving ν̄µ and νe. The
energy spectra are in the energy range of interest to nuclear astrophysics. A number of possible experiments
relevant to solar neutrinos, supernovae collapse, weak interactions in nuclei, and intrinsic properties of
neutrinos are discussed. c© 2002 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

The announcement at this conference by the
Sudbury Neutrino Observatory (SNO) collabora-
tion contained compelling evidence that there is
an active nonelectron-flavor neutrino component
in the solar neutrino flux [1]. Combining their ex-
perimental rate for the reaction d(νe, e

−)pp from
solar neutrinos, with the neutral-current rate of
solar neutrino–electron elastic scattering data from
Super-Kamiokande (SK) [2], they conclude that the
total flux of active neutrinos from the 8B branch is in
agreement with the predictions of the Standard Solar
Model (SSM) of Bahcall and his coworkers [3]. The
issue is now convincingly settled; the SSM is now
confirmed. The νe deficit in the solar neutrinos is due
to νe → νµ, ντ oscillations. There are two very recent
updates from the SK collaboration on solar neutrino
oscillations [4].

The earlier report of the strong azimuthal-angle
dependence of the e/µ ratio in the SK detector [1] was
strong evidence of νµ → ντ , νs(ν̄µ → ν̄γ , ν̄s) oscilla-
tions (νs are hypothetical sterile neutrinos [5]). Re-
actor neutrino experiments place strong constraints
on electron antineutrino oscillations, implying that νe

and ν̄e play a very small role if any in explaining the
atmospheric e/µ ratios [6].

The final open question concerns the excess
events from the reaction p(ν̄e, e

+)n in the LSND
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1)Department of Physics and Astronomy, University of
South Carolina, Columbia, SC 29208, USA; e-mail: wa-
ters@sc.edu

2)Department of Physics and Astronomy, University of Ten-
nessee, Knoxville, TN 37996, USA
1063-7788/02/6512-2210$22.00 c©
detector at Los Alamos [7]. This has been inter-
preted as direct evidence of ν̄µ → ν̄e oscillations.
All attempts to interpret all three types of neu-
trino oscillation evidence from solar neutrino, atmo-
sphere neutrino, and the LSND neutrino experiments
failed to produce a single coherent scenario unless
one introduces a fourth generation of neutrinos.
They must be “sterile” with respect to “normal”
weak interactions [5]. Another common interpreta-
tion is that the evidence of excess ν̄e observed in
the LSND is due to phenomena other than neu-
trino ν̄µ → ν̄e oscillations. To insist on accepting
one or the other of these options at the present
time is to accept an unsubstantiated theoretical
prejudice. This issue is still very much an open
one.

Accordingly, there are three most important ques-
tions to be settled experimentally. The LSND results
must be tested independently; the parameters δmij

and sin2 2θij must be measured accurately; and
finally the theoretical cross section [8] of the reaction
d(νe, e

−)pp should be confirmed experimentally. This
last measurement is necessary even though the
charge-current-to-neutral-current interaction ratio
is far less dependent on nuclear theory than each
individually. The above cross section can be measured
at stopped-pion neutrino sources using a detector
similar to the SNO detector, but smaller.

Many other neutrino experiments of interest in as-
trophysics can be done at spallation neutron sources,
because the energy of the neutrinos from stopped
pions and stopped muons is similar to that from
supernovae collapse, for example. A sample of such
measurements will be discussed in this article.
2002 MAIK “Nauka/Interperiodica”
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Fig. 1. Neutrino spectra from pions decaying at rest.

2. NEUTRINO PRODUCTION
AT THE SPALLATION NEUTRON SOURCE

The Spallation Neutron Source (SNS) linear ac-
celerator will produce a 2-mA beam of 1-GeV pro-
tons on a mercury target which will be an intense
pulsed (FWHM = 400 ns) source of neutrons, pi-
ons resulting in an isotropic source of intermediate-
energy neutrinos [9]. This will produce ∼1015 neutri-
nos/s, corresponding to ∼3 × 106 ν/(cm2 s) of each
flavor, νµ, ν̄µ, and νe, with a suppression of ν̄e by a
factor of 2.4 × 10−4 relative to the other flavors. The
spectra are well known and can be calculated with the
following analytical expressions:

N(νe) = (12/W 4)E2
ν (W − Eν), (1)

N(ν̄µ) = (6/W 4)E2
ν (W − 2/3 Eν), (2)

where W = 52.83 MeV. Figures 1 and 2 show these
spectra and the predicted spectra from supernova col-
lapse models [10].

This similarity in energy spectra yields an oppor-
tunity to investigate neutrino nucleus cross sections
to study fundamental weak interactions in nuclei and
cross sections important in supernovae, as well as
the important cross sections utilized by the SNO
experiment to yield the important results reported in
this conference by J. Farine and in [1].

To perform this and many other measurements,
including neutrino oscillation searches at interme-
diate energies, will require a ∼ 200-t detector. One
such detector has been investigated at ORNL and is
described briefly below. As an example, we consider
the neutrino laboratory ORLaND proposed at the
Oak Ridge National Laboratory.

The Oak Ridge Laboratory for Neutrino Detectors
(ORLaND) is a proposed national and international
user facility to be located near the target station of
PHYSICS OF ATOMIC NUCLEI Vol. 65 No. 12 20
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Fig. 2. Typical neutrino spectra predicted from superno-
va during collapse assuming a Fermi–Dirac distribution
with characteristic neutrino temperatures: T (νµντ ) ∼
8 MeV; T (ν̄e) ∼ 4.5 MeV; T (νe) ∼ 3.5 MeV.

the Spallation Neutron Source (SNS) under con-
struction at the Oak Ridge National Laboratory. The
neutrino laboratory would be an underground de-
tector hall capable of housing one large (∼2000 t)
multipurpose Cherenkov/scintillating Cherenkov de-
tector and between six and eight smaller detectors
(100–200 t). The hall would be located approximately
7 m underground, with 3 m of steel and 3 m of con-
crete overhead and between 6 and 9 m from the target
building. The steel and concrete overburden will ab-
sorb the hadronic component cosmic rays completely
and attenuate the muon flux by a factor of 4. The
materials between the target and the laboratory would
be equivalent to 12 m of steel in shielding against
neutrons from the SNS. The proton beam will be
pulsed, which will severely reduce the background
from cosmic rays.

The bunker or hall design is a cylinder approx-
imately 33.5 m deep and 25 m in diameter. It is
designed to have three levels to support the smaller
detectors; the large detector would penetrate the up-
per floors. The tank to contain the large detector is
designed as a triple-walled steel tank with an outside
diameter of 14 m and 14 m deep. A one-meter-thick
liquid scintillator veto detector will surround the inner
wall of the tank and will cover the top and bottom.

The central volume of the detector will be lined
with approximately 5000 33-cm-diameter photo-
multiplier tubes to provide a 50% photocathode
area coverage. The central volume could be filled
with H2O, pure mineral oil, mineral oil with dilute
scintillator, or a variety of aqueous solutions. One
possible configuration under consideration has an
acrylic container of D2O located in the center of
the detector, surrounded with either pure H2O or
mineral oil. The large detector is being designed to
be as versatile as possible. Some of the experiments
02
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Fig. 3. Differential cross sections for the reaction 16O(νe, e
−)16F, calculated by Haxton [12].
possible with this detector involve the following
reactions: 16O(νe, e

−)16F, d(νee
−)p, 16O(νx, nγ)15O,

16O(νx, ν
′
xpγ)15N, νe− → ν ′e−′, ν̄µ → ν̄e (oscilla-

tion), νµ → νe (oscillation), 12C(νe, e
−)12N,

12C(νx, ν
′
x)12C∗, and, with such a large detector and

intense flux, possibly 13C(νe, e
−)13N [11].

3. THE DISINTEGRATION
OF THE DEUTERON BY NEUTRINOS

One of the most important experiments ongoing
to understand the Sun and its production of neutrinos
is that at the SNO. The two reactions to be exploited
are

νe + d→ p+ p+ e−, (3)

νx + d→ n+ p+ ν ′x. (4)

Reaction (4) obviously is completely blind to neutrino
flavor. An accurate measurement of the neutral cur-
rent rate would be enough to completely determine
the total production rate of νe, independently of neu-
trino oscillations, but only as precisely as we know
the cross section. The measurement of the ratio of the
rates R(νee

−)/R(νx, ν
′
x) was of great help in settling

the solar neutrino problem, but again only if we know
the cross sections. The only measured cross section is
that of d(νe, e

−)pp, and it is known with an accuracy
of 37% at a 68% C.L. [9]. The neutral current rate has
only been measured with reactor neutrinos and also
with insufficient accuracy for use in the interpretation
of SNO data [1].

A computational feasibility study has been made
for a precision measurement of the cross section
σ[d(νe, e

−)pp] at ORLaND. The detector configu-
ration used in the study was an acrylic sphere con-
taining D2O, suspended near the center of the large
detector containing either H2O or pure mineral oil.
A sphere of ∼ 5.5-m diameter would contain ∼100 t
PH
of D2O. The theoretical total cross section is 5.4 ×
10−41 cm2 [8], which would yield ∼9000 events/yr.
The measurement of the excitation function would
then be possible [11].

Let us assume that the rest of the 2000-t volume
was filled with H2O. The theoretical cross section
for 16O(νe, e

−)16F is 6.1 times smaller, so that there
should appear a sudden difference in event rate be-
tween the D2O and H2O volumes clearly defining
the mean radius of the D2O volume and hence the
fiducial volume. While a statistical accuracy of <1%
is straight forward, the systematic errors due to the
uncertainty in the neutrino flux and fiducial volume
must also be very well controlled.

To achieve this, the neutrino–electron elastic
scattering rate would have to be monitored through-
out all of the experiments. This cross section, νxe

−,
is accurately predicted by the standard model, and its
rate can be measured to <1%, but only with a 2000-
t detector. With this combination, one can hope to
approach the measurement of σ[d(νe, e

−)pp] with an
uncertainty between 2 and 3%.

One exciting possibility is to use this cross section
to make an isospin rotation to independently deter-
mine the cross section [8] for the reaction

p+ p→ d+ e+ + νe, (5)

which is at the top of the chain of reactions that
generates 99.75% of the neutrinos from the Sun. One
can also use the results of the effective field theory
calculations [8] which reproduce this cross section,
as well as that of the neutral current disintegration
of the deutron, given in (4), within an unknown pa-
rameter called a counter term. This counter term
can be deduced from measuring the cross section of
reaction (3) as a function of electron energy. This is
an indirect calibration of the solar fusion rate. It is of
crucial importance in the solar model and holds one
YSICS OF ATOMIC NUCLEI Vol. 65 No. 12 2002
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of the important keys to our understanding of energy
production in the Sun [3].

4. d2σ/dEedΩ OF THE REACTION
16O(νe, e

−)16F

There are several motivations for this measure-
ment. It is a rigorous test of theoretical treatments of
weak interactions in nuclei [14]; it is an important re-
action in the formulation of nucleosynthesis in stellar
collapse models [10], and it is intimately connected
to the core temperature of supernova through the
forbidden contributions [12].

The calculation by Haxton [12] shows a very
strong angular distribution of electrons from the
reaction with a very strong energy dependence, as
shown in Fig. 3. Aside from a direct test of the weak
interaction nuclear physics, this measurement would
provide valuable information for the interpretation of
supernova data recorded with large water Cerenkov
detectors. Let us assume that there would not be
neutrino oscillations of the type νµ, ντ → νµ from the
collapse process. Then considering Fig. 3, we expect
the emitted e− to be almost isotropic and probably
lost in the isotropic distribution of e+ from ν̄e + p→
e+ + n. If, however, the ντ and νe escaping from the
core at higher temperature were converted to νe by
oscillations, then they could be energetic enough to
enjoy forbidden transitions to higher excited states of
16F with a very strong back angle emission of e−. This
could be a unique signal for ντ → νe oscillations.

The cross section calculated by Haxton, 〈σ〉 =
8.84 × 10−42 cm2 [12], would result in a total event
rate of 12 300 events/yr, including the reduction due
to the 30% detector efficiency. A precision measure-
ment of d2σ/dEdΩ would require about two years of
data.

Two related reactions are those mediated by the
weak neutral current, namely, 16O(νx, ν

′
xnγ)

15O and
16O(νx, ν

′
x pγ)15N. These reactions have been inves-

tigated theoretically in [13, 14]. Using their cross
sections, the reaction resulting in 15O would produce
∼4× 103 events/yr, while that resulting in 15N would
result in ∼2.1 × 104 events/yr. This reaction could
be isolated from others by using the 600-ns pulse of
νµ and identified by the resulting gamma rays. These
reactions have also been suggested as mechanisms to
explore the temperature of supernovae [13].

To make any cross-section measurements with
accuracies from 2 to 3%, the neutrino flux must be
measured with a known fundamental cross section.
The only option is to continuously measure neu-
trino–electron elastic scattering both to monitor the
PHYSICS OF ATOMIC NUCLEI Vol. 65 No. 12 20
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Fig. 4. Feynman diagrams describing electron–neutrino
elastic scattering.

flux and to more accurately measure the interfer-
ence term between the charge and neutral currents.
Diagrams representing these currents are shown in
Fig. 4.

5. NEUTRINO–ELECTRON ELASTIC
SCATTERING

The differential cross sections are given by [15]

dσ(νi)
dT

=
2G2

Fme

π
(6)

×
[
g2
iL + g2

R

(
1 − T

Eν

)2

− giLgR
meT

E2
ν

]
,

where i substitutes for e or µ, and

dσ(ν̄i)
dT

=
2G2

Fme

π
(7)

×
[
g2
R + g2

iL

(
1 − T

Eν

)2

− giLgR
meT

E2
ν

]
.

In the above, gR = sin2 θW, geL = 1/2 + sin2 θW, and
gµL = −1/2 + sin2 θW. We define the ratio R as

R ≡ σ(νµe)
σ(νee) + σ(ν̄µe)

, (8)

keeping in mind that νµ events can be cleanly sepa-
rated from νe and ν̄µ events using the pulse structure.
Integrating over the electron’s final kinetic energy, R
can be expressed in terms of sin θW as follows:

R =
3/4 − 3 sin2 θW + 4(sin2 θW)2

1 + 2 sin2 θW + 8(sin2 θW)2
. (9)

The accurate determination of the ratio of the
counting rates in (8) would be the first accurate mea-
surement of the interference between the two dia-
grams shown in Fig. 4, although the LSND group
has made a recent measurement [16]. The ratioR can
be taken directly from the event rates,

N(νµ)(τ = 26ns)
N(νe) +N(ν̄µ)(τ = 2.2µs)

, (10)

in which the flux cancels to an excellent approxi-
mation. The small correction due to early decays of
02



2214 AVIGNONE III, EFREMENKO
muons can be made using known decay times of π+

and µ+.

These results can also be used to measure sin2 θW
at a very low momentum exchange (Q 	 0.002 GeV).
Previous atomic-parity-violating experiments at low
Q disagree with one popular method of determining
the running of this fundamental parameter [17].

6. NEUTRINO–NUCLEUS INTERACTION
CROSS SECTIONS

Charge-current and neutral-current neutrino–
nucleus cross sections are important inputs to nu-
merical models of supernova [10]. The only reactions
that have been measured at energies of interest
in astrophysical processes are d(νe, e

−)pp ± 34%,
56Fe(νe, e

−)56Co ±36%, and 12C(νe, e
−)12N ±10%.

Only the 12C measurement is useful; however, it could
be measured to a few percent or less at ORLaND for
use as a neutrino flux monitor in future scintillator
experiments.

Here, we give a very brief description of a highly
granular detector that can be used to make an
accurate cross section measurement of the reac-
tion 56Fe(νe, e

−)56Co and many other targets as
discussed below. More detailed descriptions have
been given earlier [18]. Iron is very important in
supernova collapse models, and this cross section is
not measured with the required accuracy.

The detector is similar in concept to the Soudan-
II detector; it consists of 105 iron tubes, 10 mm in
outside diameter, with 0.5-mm-thick walls. This is
equivalent to 3400 tube/t for a tube length of 3.5 m.
Each tube contains a gas detector that need only
detect a hit by an energetic electron and be capable of
modest timing to determine position. The detector is
designed to be placed 50 m from the SNS target sta-
tion and has 105 tubes stacked in a 3.5 × 3.5 × 3.5 m
cube. The fiducial volume is a cube 2.5 × 2.5 × 2.5 m
and has a fiducial mass of 13.5 t. The theoretical
cross section of Kolbe, Langanke, and Martinez-
Pinedo [19] (〈σ〉 = 2.73 × 10−40 cm2) was used to
determine that, with a predicted 30% efficiency, the
event rate would be 75 event/(t yr) live time.

Detailed Monte Carlo computations were made
to determine that electrons traversing the detector
can be distinguished from all other particles, except
for positrons. The backgrounds are predicted to be
extremely low. Cross sections of any element that
can be made into rigid tubes, with the mechanical
strength to allow stacking, can be measured with an
accuracy of ∼ 5%.

A list of some interesting targets and their natural
isotopic abundance follows: 9Be (100%), 11B (80%),
PH
27Al (100%), 51V (99.8%), 52Cr (84%), 55Mn
(100%), 56Fe (92%), 59Co (100%), 209Bi (100%),
181Ta (100%), and natural Pb.

Other techniques, liquid Cerenkov detectors, and
fine-grained hanging file detectors of alternating
planes of target and scintillator, can also be used to
measure cross sections of neutrino interactions on
7Li (92%), 12C (98.9%), 14N (99.6%), 16O (99.8%),
19F (100%), 23Na (100%), 28Si (92%), 31P (100%),
32S (95%), 39K (93%), 40Ca (97%), 45Sc (100%),
89Y (100%), 115In (96%), 127I (100%), 133Cs (100%),
139La (100%), 159Tb (100%), and 169Tm (100%).

Using a variety of techniques involving liquid scin-
tillator, reactions involving 12C can be measured in-
creasing the present accuracy. This is particularly true
if the large detector contains scintillator.

The 12C isotope forms one of the “onion skin”
shells of a large star just prior to collapse, because
stellar evolution creates 12C in the 3α burning cy-
cle. Naturally, it will constitute much of the ejects
that later will interact with the neutrinos to possibly
reheat the shock front. Also, 12C forms an isospin
triplet with 12B, 12C, and 12N(Jπ, T = 1+, 1) in its
15.11-MeV excited state and can be excited from
its (Jπ, T = 0+, 0) ground state by the weak neutral
current. This reaction allows investigation of the de-
tails of the isovector and axial vector part of the weak
hadronic current. The reaction is well understood the-
oretically; however, this is a reaction that can be used
to tune small nuclear details.

The reaction 12C(νe, e
−)12N∗ excites 12N to five

excited states that decay by proton emission. Several
states in 11C decay by gamma emission, but the
single-pronged proton and gamma events will suffer
more background; however, it may be feasible.

The reaction 12C(νx, ν
′
x)12C (15.1 MeV) can be

done at short time intervals following the proton
pulse, thereby being dominated by (νµ, ν

′
µ) reactions.

The neutral-current-to-charge-current cross-
section ratio, averaged over the stopped-pion neu-
trino spectrum, was measured only by the KARMEN
group. Their result was 1.17 ± 0.11 ± 0.012 [20]. The
three calculated values are 1.08 [21], 1.13 [22], and
1.27 [23].

7. NEUTRINO OSCILLATIONS

The 2000-t detector has been studied with exten-
sive Monte Carlo simulations, but only with a pho-
tocathode coverage of 25%. The combination of the
detector fiducial volume (18 times that of the LSND),
the ν̄µ flux, and the pulse structure was used to deter-
mine that the statistical accuracy in the same live time
would be 100 times that of LSND. The technique
YSICS OF ATOMIC NUCLEI Vol. 65 No. 12 2002
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Fig. 5. Projected sensitivities of the ORLaND large de-
tector to ν̄µ → ν̄e oscillations compared to MiniBooNe,
MINOS, and the positive result reported by LSND.

involves searching for the appearance of ν̄e in a dilute-
scintillator-filled detector. First, the Cerenkov cone
from the positron from the reaction ν̄e + p→ e+ + n
is recorded. The neutron is moderated and is captured
in a mean time of 186 µs, resulting in a 2.2-MeV
γ ray via the neutron capture reaction n+ p→ d+
2.2 MeV γ.

Figure 5 shows the projected sensitivity compared
to the LSND result and the predicted sensitivity of
the MiniBooNE experiment at Fermilab. One unique
feature of ORLaND is that the few ν̄e that come
from µ− decay (ν̄e/ν̄µ 	 3 × 10−4) come dominantly
in the first ∼ 1 µs due to the capture rates. Therefore,
it should be possible to experimentally explore this
contamination for the first time. There are four other
reactions that are sensitive to neutrino oscillations
that can be utilized at ORLaND; however, we choose
to discuss only the most sensitive one here.

One very interesting possibility offered by the sen-
sitivity discussed above is the ability to probe regions
of δm2 and sin2 2θ that have impact on models of big
bang nucleosynthesis and nucleosynthesis in collaps-
ing stars shown in Fig. 6 [24].

The construction of the SpallationNeutron Source
at the Oak Ridge National Laboratory presents excit-
ing potential opportunities to the field of neutrino as-
trophysics, of which neutrino telescopes play a central
role. The proposed user facility called the ORLaND is
being designed to accommodate a broad selection of
neutrino experiments of importance in our field. The
cost of the laboratory itself, including the base triple-
walled tank of the large liquid detector, was estimated
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by two engineering companies to cost about 2.5% of
the SNS project. Other articles describing various
aspects have appeared in other literature [25, 26].
Much of the contents herein can be applied to any
intense pulsed spallation neutron source.
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Abstract—Direct detection experiments for neutralino dark matter in the Milky Way are examined within
the framework of SUGRA models with R-parity invariance and grand unification at the GUT scale,MG.
Models of this type apply to a large number of phenomena, and all existing bounds on the SUSY parameter
space due to current experimental constraints are included. For models with universal soft breaking at
MG (mSUGRA), the Higgs mass and b→ sγ constraints imply that the gaugino mass, m1/2, obeys
m1/2 > 300–400 GeV, putting most of the parameter space in the coannihilation domain, where there
is a relatively narrow band in the m0–m1/2 plane. For µ > 0, we find that the neutralino–proton cross
section is �10−10 pb for m1/2 < 1 TeV, making almost all of this parameter space accessible to future
planned detectors. For µ < 0, however, there will be large regions of parameter space with cross sections
< 10−12 pb and, hence, unaccessible experimentally. If, however, the muon magnetic moment anomaly is
confirmed, then µ > 0 andm1/2 � 800GeV.Models with nonuniversal soft breaking in the third generation
and Higgs sector can allow for new effects arising from additional early Universe annihilation through the
Z-channel pole. Here, cross sections that will be accessible in the near future to the next generation of
detectors can arise, and can even rise to the large values implied by the DAMA data. Thus, dark matter
detectors have the possibility of studying the post-GUT physics that control the patterns of soft breaking.
c© 2002 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

The recent BOOMERanG, Maxima, and DASI
data have allowed a relatively precise determination
of the mean amount of dark matter in the Universe,
and these results are consistent with other astronom-
ical observations. Within the Milky Way itself, the
amount of dark matter is estimated to be

ρDM ∼= 0.3–0.5 GeV/cm3
. (1)

Supersymmetry with R-parity invariance possesses
a natural candidate for cold dark matter (CDM), the
lightest neutralino, χ̃0

1, and SUGRAmodels predict a
relic density consistent with the astronomical obser-
vations of dark matter. Several methods for detecting
the Milky Way neutralinos exist:

(i) Annihilation of χ̃0
1 in the halo of the Galaxy

leading to antiproton or positron signals. There have
been several interesting analyses of these possibili-
ties [1, 2], but there are still uncertainties as to as-
tronomical backgrounds.

(ii) Annihilation of the χ̃0
1 in the center of the Sun

or Earth leading to neutrinos and detection of the
energetic νµ by neutrino telescopes (AMANDA, Ice

∗This article was submitted by the authors in English.
**e-mail: arnowitt@physics.tamu.edu
1063-7788/02/6512-2218$22.00 c©
Cube, ANTARES). Recent analyses [3, 4] indicate
that these detectors can be sensitive to such sig-
nals, but for the Minimal Supersymmetric Standard
Model (MSSM) one requires mχ̃0

1
> 200 GeV (i.e.,

m1/2 > 500 GeV) and tan β > 10, and for SUGRA
models one is restricted to tan β > 35 [3].

(iii) Direct detection by scattering of incident χ̃0
1

on nuclear targets of terrestrial detectors. Current
detectors are sensitive to such events for χ̃0

1–p cross
sections in the range

σχ̃0
1−p � 1 × 10−6 pb (2)

with a possible improvement by a factor of 10–100
in the near future. Future detectors (GENIUS,
Cryoarray, ZEPLIN IV) may be sensitive down to
10−9–10−10 pb, and we will see that this would
be sufficient to cover the parameter space of most
SUGRA models.
In the following, we will consider SUGRA models

with R-parity invariance based on grand unification
at the GUT scaleMG

∼= 2 × 1016 GeV. In particular,
we will consider two classes of models: minimal su-
pergravity models (mSUGRA [5, 6]) with universal
soft breaking masses at MG and nonuniversal mod-
els with nonuniversal soft breaking at MG for the
Higgs bosons and the third generation of squarks and
2002 MAIK “Nauka/Interperiodica”
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Fig. 1. Corridors in the m0–m1/2 plane allowed by the
relic density constraints for A0 = 0, µ > 0, and (bottom
to top) tanβ = 10, 30, 40. The lower bound on m1/2

is due to the mh lower bound for tan β = 10 and due
to the b → sγ bound for tan β = 40, while both these
contribute equally for tan β = 30. The short lines cutting
the channels represent upper bound from the gµ-2 exper-
iment [13].

sleptons. Here, the gaugino masses (m1/2) and the
cubic soft-breaking masses (A0) atMG are assumed
universal.

SUGRAmodels apply to a wide range of phenom-
ena, and data from different experiments interact with
each other to sharpen the predictions greatly. We list
here the important experimental constraints:

(i) Higgs mass: mh > 114 GeV [7]. The theoret-
ical calculation of mh still has an error of ∼ 3 GeV,
and so we will (conservatively) interpret this bound to
meanmh(theory) > 111GeV.

(ii) b→ sγ branching ratio. We take a 2σ range
around the central CLEO value [8]:

1.8 × 10−4 ≤ BR(B → Xsγ) ≤ 4.5 × 10−4. (3)

(iii) χ̃0
1 relic density: We assume here

0.02 ≤ ΩDMh2 ≤ 0.25. (4)

The lower bound takes into account of the possibility
that there is more than one species of DM. However,
results are insensitive to raising it to 0.05 or 0.10.

(iv) Muon aµ = (gµ − 2)/2 anomaly. The Brook-
haven E821 experiment [9] reported a 2.6σ deviation
from the Standard Model value in their measurement
of the muon magnetic moment. Recently, a sign error
in the theoretical calculation [10, 11] has reduced this
to a 1.6σ anomaly, though recent measurements [12]
used to calculate the hadronic contribution may have
raised the deviation. Since there is a great deal more
data currently being analyzed (with results due this
spring) that will reduce the errors by a factor of ∼2.5,
PHYSICS OF ATOMIC NUCLEI Vol. 65 No. 12 2
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Fig. 2. Corridors in the m0–m1/2 plane allowed by the
relic density constraint for tan β = 40, µ > 0, and (bot-
tom to top) A0 = 0, −2m1/2, 4m1/2. The curves termi-
nate at the lower end due to the b → sγ constraint, except
for A0 = 4m1/2, which terminates due to the mh con-
straint. The short lines cutting the corridors represent the
upper bound onm1/2 due to the gµ-2 experiment [13].

we will assume here that there is a deviation in aµ due
to SUGRA of amount

11 × 10−10 ≤ aSUGRAµ ≤ 75 × 10−10. (5)

We will, however, state our results with and without
including this anomaly.
To illustrate how the different experimental con-

straints affect the SUSY parameter space, we con-
sider the mSUGRA example:
(i) The mh and b→ sγ constraints put a lower

bound onm1/2:

m1/2 � 300–400GeV, (6)

which means mχ̃0
1

� 120–160 GeV (since mχ̃0
1

∼=
0.4m1/2).

(ii) Equation (6) now means that most of the pa-
rameter space is in the τ̃1–χ̃0

1 coannihilation domain
in the relic density calculation. Then,m0 (the squark
and slepton soft-breaking mass) is approximately de-
termined bym1/2, as can be seen in Figs. 1 and 2.

(iii) If we include the aµ anomaly, since aSUGRAµ

is a decreasing function of m1/2 and m0, the lower
bound of (5) produces an upper bound on m1/2 and
the positive sign of aµ implies that the µ parameter is
positive. In addition, one gets a lower bound on tan β
of tan β > 5. Thus, the parameter space has begun
to be strongly constrained, allowing for more precise
predictions. In order to carry out detailed calculations,
however, it is necessary to include a number of anal-
yses to obtain accurate results. We list some of these
here.
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for tanβ = 6 (short dash), 8 (dotted), 10 (solid curve), 20
(dash-dotted), and tan β = 25 (long dashed). Note that
the tan β = 6 curve terminates at low m1/2 due to the
Higgs mass constraint, and the other curves terminate at
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Two-loop gauge and one-loop Yukawa renormal-
ization group equations (RGE) are used in going
from MG to the electroweak weak scale MEW, and
QCD RGE are used below MEW for the light quark
contributions. Two-loop and pole-mass corrections
are included in the calculation of mh. One-loop cor-
rections to mb and mτ [14, 15] are included, which
are important at large tan β. Large tan β NLOSUSY
corrections to b→ sγ [16, 17] are included. In calcu-
lating the relic density, all stau–neutralino coannihi-
lation channels are included, and this calculation is
done in a fashion valid for both small and large tan β.
We do not include Yukawa unification or proton

decay constraints, since these depend sensitively on
post-GUT physics, about which little is known.

2. mSUGRA MODEL

The mSUGRA model is the simplest and hence
most predictive of the supergravity models in that it
depends on only four new parameters and one sign (in
addition to the usual SM parameters). We take these
new parameters to be m0 and m1/2 (the universal
soft-breaking scalar and gaugino masses at MG),
A0 (the universal cubic soft-breaking mass at MG),
tan β = 〈H2〉/〈H1〉 at the electroweak scale (where
〈H2〉 gives rise to up-quark masses and 〈H1〉 to
down-quark masses), and the sign of µ (the Higgs
mixing parameter which appears in the superpoten-
tial as µH1H2). We examine these parameters over
the range m0, m1/2 ≤ 1 TeV, 2 < tan β < 50, |A0| ≤
4m1/2. The bound onm1/2 corresponds to the gluino
mass bound ofmg̃ < 2.5GeV, which is also the reach
of the LHC.
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1−p as a function of the neutralino mass mχ̃0

1

for tan β = 40, µ > 0 for A0 = −2m1/2, 4m1/2, 0 from
bottom to top. The curves terminate at small mχ̃0

1
due

to the b → sγ constraint for A0 = 0 and −2m1/2 and
due to the Higgs mass bound (mh > 114 GeV) forA0 =
4m1/2. The curves terminate at large mχ̃0

1
due to the

lower bound on aµ of (5) [13].

The relic density analysis involves calculating the
annihilation cross section for neutralinos in the early
Universe. This characteristically proceeds through Z
and Higgs s-channel poles (Z, h,H ,A, whereH and
A are heavyCP-even andCP-oddHiggs bosons) and
through t-channel sfermion poles. However, if there
is a second particle that becomes nearly degenerate
with the neutralino, one must include it in the early
Universe annihilation processes, which then leads to
the coannihilation phenomena. In mSUGRAmodels,
this accidental near degeneracy occurs naturally for
the light stau, τ̃1. One can understand this semi-
quantitatively by considering the low and intermedi-
ate tan β region, where the RGE give for the right
selectron, ẽR, and the neutralino the followingmasses
at the electroweak scale:

m2
ẽR

= m2
0 + 0.15m2

1/2 − sin2 θWM
2
W cos 2β, (7)

m2
χ̃0

1
= 0.16m2

1/2, (8)

the numerics coming from the RGE analysis. The
last term in (7) is 
(40GeV)2. Thus, for m0 = 0,
the ẽR will become degenerate with the χ̃0

1 atm1/2
∼=

400 GeV, and coannihilation thus begins at m1/2
∼=

350–400 GeV. Asm1/2 increases, m0 must be raised
in lock step (to keep mẽR

> mχ̃0
1
). More precisely,

it is the light stau, which is the lightest slepton,
that dominates the coannihilation phenomena. How-
ever, one ends up with corridors in the m0–m1/2

plane for allowed relic density with m0 closely cor-
related with m1/2, increasing as m1/2 does, as seen
in Figs. 1 and 2.
YSICS OF ATOMIC NUCLEI Vol. 65 No. 12 2002
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1−p as a function ofmχ̃0

1
for tan β = 10, µ > 0,

mh > 114GeV forA0 = 0 (upper curve),A0 = −4m1/2

(lower curve). The termination at low mχ̃0
1
is due to the

mh bound for A0 = 0, and the b → sγ bound for A0 =
−4m1/2. The termination at highmχ̃0

1
is due to the lower

bound on aµ of (5) [13].

For dark matter detectors with heavy nuclei tar-
gets, the spin-independent neutralino–nucleus cross
section dominates, which allows one to extract the
χ̃0

1–proton cross section, σχ̃0
1−p. The basic quark

diagrams for this scattering go through s-channel
squark poles and t-channel Higgs (h, H) poles. The
general features of σχ̃0

1−p that explain its properties
are the following:

σχ̃0
1−p increases with increasing tan β, (9)

σχ̃0
1−p decreases with increasing m1/2 (10)

and increasing m0.

Since coannihilation generally correlates m0 and
m1/2, ifm1/2 increases so doesm0 (at fixed tan β and
A0).

The smallest cross sections occur for the case
µ < 0. This is because a special cancellation can
occur over a fairly wide range of tan β and m1/2 [18,
19] driving the cross section below 10−13 pb (Fig. 3).
In these regions, there would be no hope for cur-
rently planned dark matter detectors to be able to
detect Milky Way neutralinos. However, if the aµ

anomaly is confirmed by the new BNL E821 da-
ta (currently being analyzed), then µ < 0 is forbid-
den, and the special cancellations do not occur for
µ > 0. Large cross sections can then occur for large
tan β. This is seen in Fig. 4 for tan β = 40, with
mh > 114GeV. If the Higgs mass bound were to rise,
the lower bounds on m1/2 would increase. Thus, for
mh > 120 GeV, one has mχ̃0

1
> (200, 215, 246) GeV

for A0 = (−2, 0, 4)m1/2 .
PHYSICS OF ATOMIC NUCLEI Vol. 65 No. 12 20
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enhancing theZ0 s-channel pole contribution in the early
Universe annihilation for the case of δ2 = 1, tanβ = 40,
A0 = m1/2, µ > 0. The lower band is the usual τ̃1 coan-
nihilation region. The upper band is an additional region
satisfying the relic density constraint arising from in-
creased annihilation via theZ0 pole due to the decrease in
µ2 increasing the higgsino content of the neutralino [18].

The lowest cross sections for µ > 0 are expected
to occur for small tan β and large m1/2. This is seen
in Fig. 5 for tan β = 10, where one also sees that de-
creasing A0 gives smaller cross sections. In general,
one finds
σχ̃0

1−p � 10−10 pb for µ > 0, m1/2 < 1 TeV.
(11)

Such cross sections are within the reach of future
planned detectors.

3. NONUNIVERSAL MODELS

New results can occur if we relax the universal-
ity of the squark, slepton, and soft-breaking Higgs
masses atMG. To maintain the flavor-changing neu-
tral current bounds, we do this only in the third gener-
ation and for the Higgs bosons. One may parametrize
the soft-breaking masses atMG as follows:

m 2
H1

= m2
0(1 + δ1); m 2

H2
= m2

0(1 + δ2); (12)

m 2
qL

= m2
0(1 + δ3); m 2

tR = m2
0(1 + δ4);

m 2
τR

= m2
0(1 + δ5); m 2

bR
= m2

0(1 + δ6);

m 2
lL

= m2
0(1 + δ7)

with −1 ≤ δi ≤ +1. While the nonuniversal models
introduce a number of new parameters, it is possible
to understand qualitatively what effects they produce
on darkmatter detection rates, since the parameter µ2

governs much of the physics. Thus, as µ2 decreases
(increases), the higgsino content of the neutralino
increases (decreases), and then σχ̃0

1−p increases (de-
creases). One can further see semiquanitatively the
02
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1−p as a function of m1/2 (mχ̃0

1
∼= 0.4m1/2)

for tan β = 40, µ > 0, mh > 114 GeV, A0 = m1/2 for
δ2 = 1. The lower curve is for the τ̃1 − χ̃0

1 coannihilation
channel, and the dashed band is for the Z s-channel
annihilation allowed by nonuniversal soft breaking. The
curves terminate at low m1/2 due to the b → sγ con-
straint. The vertical lines show the termination at high
m1/2 due to the lower bound on aµ of (5) [21].

dependence of µ2 on the nonuniversal parameters for
low and intermediate tan β, where the RGE may be
solved analytically [20]:

µ2 =
t2

t2 − 1

[(
1 − 3D0

2
+

1
t2

)
(13)

+
1 −D0

2
(δ3 + δ4) −

1 +D0

2
δ2 +

δ1
t2

]
m2

0

+ universal parts+ loop corrections,

where t = tanβ and D0 
 1 − (mt/200 sin β)2. In
general,D0 is small (D0 ≈ 0.25) and one sees that the
universal part of the m2

0 contribution is quite small,
and it does not take a great deal of nonuniversal
contribution to produce additional effects.

Most interesting things happen when µ2 is de-
creased, since the increased Higgsino content of the
neutralino increases the χ̃0

1–χ̃0
1–Z coupling, and this

coupling opens a new annihilation channel through
the Z pole in the relic density calculations. As a
simple example, we consider the case, where only the
H2 soft-breaking mass is affected, i.e., δ2 = 1 and all
other δi = 0. Figure 6 shows the new allowed region
in the m0–m1/2 plane for tan β = 40, A0 = m1/2,
µ > 0, and Fig. 7 shows the corresponding effect on
the neutralino–proton cross section. One sees that
the coannihilation corridor is significantly raised and
widened due to the new Z-channel annihilation, and
the cross section is significantly increased. The next
round of upgraded dark matter detectors should be
able to reach parts of this parameter space if such a
nonuniversality were to occur.
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Fig. 8. Allowed regions in the m0–m1/2 plane for the
case tan β = 40, A0 = m1/2, µ > 0. The bottom curve
is the mSUGRA τ̃1 coannihilation band of Fig. 1 (shown
for reference). The middle band is the actual τ̃1 coanni-
hilation band when δ10 = −0.7. The top band is an addi-
tional allowed region due to the enhancement of the Z0

s-channel annihilation arising from the nonuniversality
lowering the value of µ2 and hence raising the higgsino
content of the neutralino. For m1/2 � 500 GeV, the two
bands overlap [18].

As a second example, we consider a soft-breaking
pattern conistent with an SU(5) invariant model
with δ10(= δ3 = δ4 = δ5) = −0.7 and all other δi = 0.
Here, the τ̃R soft-breaking mass is reduced, i.e.,
m2

τ̃R
= m2

0(1 + δ5) < m2
0. Thus, the τ̃1 − χ̃0

1 coan-
nihilation occurs at a larger value of m0 than in
mSUGRA. In addition again a new Z-channel
neutralino annihilation channel occurs since µ2 is
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reduced. The effects are shown in Figs. 8 and 9 for
tan β = 40, A0 = m1/2, µ > 0. Again, the cross sec-
tions are larger and should be accessible to CDMS
when it moves to the Soudan mine and to GENIUS.

The maximum value of σχ̃0
1−p for fixed tan β and

A0 occurs when we chose the nonuniversalities to
minimize µ2. This occurs when δ1,3,4 < 0 and δ2 > 0.
This is shown in Fig. 10, where the maximum cross
section is plotted for A0 = 0, tan β = 12 (upper
curve), tan β = 7 (lower curve). The bound that
mh > 114 GeV eliminates the region with mχ̃0

1
<

100 GeV. However, one sees for this case that it is
possible to have detection cross sections in the region
of the DAMA data.

4. CONCLUSIONS

We have discussed here direct detection of Milky
Way neutralinos for SUGRA type models withR-pa-
rity invariance and grand unification at the GUT
scale. By combining data from a variety of sources,
e.g., Higgsmass bound, b→ sγ branching ratio, relic
density constraints, and the possible new muonmag-
netic moment anomaly of the BNL E821 experiment,
one can greatly sharpen predictions.

For the mSUGRA model, the mh and b→ sγ
bounds create a lower bound on m1/2 of m1/2 �
(300–400) GeV (i.e., mχ̃0

1
� (120–140) GeV). This

puts the parameter space mostly in the τ̃1–χ̃0
1 coan-

nihilation domain, which strongly correlates m0 with
m1/2. For µ > 0 andm1/2 < 1 TeV, one finds σχ̃0

1−p �
10−10 pb, which is within the upper reach of future
planned dark matter detectors, while for µ < 0 there
PHYSICS OF ATOMIC NUCLEI Vol. 65 No. 12 20
will be large regions unaccessible to such detec-
tors. If the aµ anomaly is confirmed, then µ > 0 and
m1/2 < 800 GeV.
Nonuniversal soft-breaking models allow one to

raise σχ̃0
1−p by a factor as large as 10–100, which

could account for the large cross sections of the
DAMA data. They can also open new allowed re-
gions of the m0–m1/2 plane from the Z-channel
annihilation in the relic density calculation. The new
Z-channel regions have larger cross sections, though
still below the DAMA region, but they should be
accessible when CDMS moves to the Soudan mine
and to the GENIUS-TF detector. Thus, dark matter
detectors should be able to investigate the nature of
SUSY soft breaking, i.e., the nature of the post-GUT
physics that determine the soft-breaking pattern.
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Abstract—We analyze how detectability of relic neutralinos by direct means is related to their local and
cosmological densities. We show to what extent the present experiments of direct searches for weakly
interacting massive particles, when interpreted in terms of relic neutralinos, probe interesting regions of
the supersymmetric parameter space. Our analysis is performed in a number of different supersymmetric
schemes. c© 2002 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

Evidence for existence of dark matter and dark
energy in the Universe is provided by a host of obser-
vational data: properties of galactic halos and clusters
of galaxies, large scale structures, cosmic microwave
background, and high-redshift supernovae SNe Ia.
As far as dark matter is concerned, a favorite range
for Ωmh

2 (Ωm being the matter density divided by
the critical density and h the present-day value of the
Hubble constant in units of km s−1 Mpc−1) may be
set as 0.05 � Ωmh

2 � 0.3.

2. SENSITIVITY RANGE FOR CURRENT
WIMP DIRECT SEARCHES

In this paper, we focus our analysis on the weakly
interacting massive particle (WIMP) mass range,
which, in the light of experimental data, appears par-
ticularly appealing:

40 ≤ mWIMP ≤ 200 GeV. (1)

Notice that the mass range of (1) is quite appropriate
for neutralinos. Actually, the lower extreme is indica-
tive of the LEP lower bound on the neutralino mass
mχ. As for the upper extreme, we notice that, though
a generic range for mχ might extend up to about
1 TeV, requirements of no excessive fine tuning [1]
would actually favor an upper bound on the order of
200 GeV, in accordance with (1).

In what follows, we will discuss the discovery po-
tential of WIMP direct searches for WIMPs in the
mass range of (1). Particular attention will be paid
to capabilities of the present experiments. In case of
WIMPs whose coherent interactions with ordinary

∗This article was submitted by the author in English.
**e-mail: fornengo@to.infn.it
1063-7788/02/6512-2225$22.00 c©
matter are dominant over the spin-dependent ones,
the current sensitivity may be stated, in terms of the

quantity ξσ(nucleon)
scalar , as

4 × 10−10 ≤ ξσ
(nucleon)
scalar ≤ 2 × 10−8 nb. (2)

3. SUPERSYMMETRIC DARK MATTER

We turn now to calculations performed in specific
supersymmetric schemes, assuming that R parity
is conserved and thus that the LSP is stable. The
nature of the LSP depends on the SUSY breaking
mechanism and on the specific regions of the SUSY
parameter space. We consider here gravity-mediated
schemes and domains of the parameter space where
the LSP is the neutralino. Extensive calculations on
relic neutralino phenomenology in gravity-mediated
models have been performed in the literature (see, for
instance, references in [2]).

In Figs. 1 and 2, we give the scatter plots for

σ
(nucleon)
scalar vs. Ωχh

2 for two different schemes: univer-
sal SUGRA and a low-energy realization of SUSY
models (effMSSM) [4]. For the SUGRA scheme,
we only display the results corresponding to positive
values of µ, since, for negative values, the constraint

on b→ s+ γ implies a large suppression of σ(nucleon)
scalar .

The calculations of σ(nucleon)
scalar have been performed

with the formulas reported in [3]; set 1 for the quan-
tities mq〈q̄q〉 has been used (see [3] for definitions);
the evaluation of Ωχh

2 follows the procedure given
in [5]. The two horizontal lines bracket the sensitivity
region defined by (2), when ξ is set equal to one. The
two vertical lines denote the favorite range for Ωmh

2,
0.05 ≤ Ωmh

2 ≤ 0.3.
Figures 1 and 2 show that the present experimen-

tal sensitivity in WIMP direct searches allows the
exploration of SUSY configurations compatible with
2002 MAIK “Nauka/Interperiodica”
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Fig. 1. Scatter plot of σ
(nucleon)
scalar vs. Ωχh2 for universal

SUGRA. Set 1 for the quantitiesmq〈q̄q〉 is employed [3].
Only configurationswith positive µ are shown, and mχ is
taken in the range of (1). The two horizontal lines bracket
the sensitivity region defined by (2), for ξ = 1. The two
vertical lines denote the range 0.05 ≤ Ωmh2 ≤ 0.3. The
region above Ωχh2 = 0.7 is excluded by current limits on
the age of the Universe. Dots (crosses) denote gaugino
(mixed) configurations.

current accelerator bounds. A number of configura-
tions stay inside the region of cosmological interest,
also in the constrained SUGRA scheme. The region
of experimental sensitivity and cosmological inter-
est is covered with an increasingly larger variety of
SUSY configurations as one moves from SUGRA
to effMSSM; this latter fact is expected from the
intrinsic features of the various schemes.

Once a measurement of the quantity ρχσ
(nucleon)
scalar

is performed, values for the local density ρχ vs. the
relic abundance Ωχh

2 may be deduced by proceed-
ing in the following way [3]: (i) ρχ is evaluated as

[ρχσ
(nucleon)
scalar ]exp/σ

(nucleon)
scalar , where [ρχ × σ

(nucleon)
scalar ]exp

denotes the experimental value and σ
(nucleon)
scalar is

calculated as indicated above; (ii) to each value
of ρχ, one associates the corresponding calculated
value of Ωχh

2. The scatter plot in Fig. 3 is derived
from the lowest value of the annual-modulation
region of [6], [(ρχ/(0.3 GeV cm−3))σ(nucleon)

scalar ]exp =
1 × 10−9 nb, and by taking mχ in the range of (1).
This plot, obtained in case of effMSSM, shows that
the most interesting region, i.e., the one with 0.2 ≤
PH
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Fig. 2. Scatter plot of σ(nucleon)
scalar vs. Ωχh2 for effMSSM.

Notation as in Fig. 1. Both signs of µ are shown. Dots,
circles, and crosses represent gauginos, higgsinos, and
mixed configurations, respectively.

ρχ ≤ 0.7 GeV cm−3 and 0.05 ≤ Ωmh
2 ≤ 0.3 (cross-

hatched region in the figure), is covered by SUSY
configurations probed by the WIMP direct detection.

Let us examine the various sectors of Fig. 3. Con-
figurations above the upper horizontal line are incom-
patible with the upper limit on the local density of
dark matter in our Galaxy and must be disregarded.
Configurations above the upper slanted dash-dotted
line and below the upper horizontal line would imply
a stronger clustering of neutralinos in our halo as
compared to their average distribution in the Uni-
verse. This situationmay be considered unlikely, since
in this case neutralinos could fulfill the experimental
range for ρχ, but they would contribute only a small
fraction to the cosmological cold dark matter content.
For configurations that fall inside the band delimited
by the slanted dash-dotted lines and simply hatched
in the figure, the neutralino would provide only a
fraction of the cold dark matter at the level of local
density and of the average relic abundance, a situation
that would be possible, for instance, if the neutralino
is not the unique cold darkmatter particle component.
To neutralinos belonging to these configurations, one
should assign a rescaled local density [4].

We remind the reader that the scatter plot in Fig. 3

refers to a representative value of [ρχσ
(nucleon)
scalar ] in-

side the current experimental sensitivity region; thus,
the plot in Fig. 3 shows that current experiments of
WIMP direct detection are probing relic neutralinos
YSICS OF ATOMIC NUCLEI Vol. 65 No. 12 2002



SUPERSYMMETRIC CANDIDATES 2227

 

ρ
 

χ

 
, GeV cm

 
–3

 

Ω

 

χ

 

h

 

2

 

10

 

1

 

10

 

0

 

10

 

–1

 

10

 

–2

 

10

 

–3

 

10

 

–2

 

10

 

–1

 

10

 

0

Fig. 3. Scatter plot of ρχ vs.Ωχh2 for the effMSSM. This
plot is derived from the experimental value [(ρχ/(0.3 GeV
cm−3))σ

(nucleon)
scalar ]exp = 1× 10−9 nb and by takingmχ in

the range of (1), according to the procedure outlined in the
text. Set 1 for the quantities mq〈q̄q〉 is employed [3]. The
two horizontal lines delimit the range 0.2 GeV cm−3 ≤
ρχ ≤ 0.7 GeV cm−3; the two vertical lines delimit the
range 0.05 ≤ Ωmh2 ≤ 0.3. The region above Ωχh2 =
0.7 is excluded by current limits on the age of the Uni-
verse. The band delimited by the two slanted dash-dotted
lines and simply hatched is the region where rescaling of
ρl applies. Dots denote gauginos, circles denote higgsi-
nos, and crosses denote mixed configurations.

which may reach values of cosmological interest, but
also neutralinos whose local and cosmological den-
sities may provide only a very small fraction of these
densities.

For sake of comparison with specific experimental
results, we provide in Figs. 4 and 5 the scatter plots

for the quantity ξσ(nucleon)
scalar vs. mχ in the two SUSY

schemes. In these figures, the solid line denotes the
frontier of the 3σ annual-modulation region of [6],
when only the uncertainties in ρl and in the dispersion
velocity of a Maxwell–Boltzmann distribution, but
not the ones in other astrophysical quantities, are
taken into account. Our results in Figs. 4 and 5 show
that the SUSY scatter plots reach up the annual-
modulation region of [6], even with the current strin-
gent bounds from accelerators (obviously, more easily
in effMSSM than in SUGRA).
PHYSICS OF ATOMIC NUCLEI Vol. 65 No. 12 20
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Fig. 5. Same as in Fig. 4 in the case of effMSSM.

4. CONCLUSION

We have shown that the current direct experi-
ments for WIMPs, when interpreted in terms of relic
neutralinos, are indeed probing regions of the SUSY
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parameter space compatible with all present bounds
from accelerators. We have quantified the extent of the
exploration attainable byWIMPdirect experiments in
terms of different SUSY schemes, from a SUGRA
scheme with unification assumptions at the grand
unification scale to an effective model, effMSSM, at
the electroweak scale. It has been stressed that, due
the large uncertainties in the unification assumptions
in SUGRA schemes, the effMSSM framework turns
out to be the most convenient model for neutralino
phenomenology.

We have proved that part of the configurations
probed by current WIMP experiments entail relic
neutralinos of cosmological interest, and, a fortiori,
also neutralinos which might contribute only partially
to the required amount of dark matter in the Universe.
The cosmological properties have been displayed in
terms of a plot of the local density vs. the average
relic abundance, i.e., in a representation which proves
particularly useful to summarize the properties of relic
neutralinos (Fig. 3).

The question: Are relic neutralinos of very low
(local and cosmological) densities detectable by cur-
rent experiments of WIMP direct detection? finds a
straightforward and affirmative answer in the ρχ vs.
Ωχh

2 plot. Direct detectability is possible even for
neutralino densities quite minuscule as compared to
the ones of cosmological interest.

In the present note, our discussions were mainly
focused on implications of direct detection results.
However, also WIMP indirect searches are quite im-
portant.Measurements of up-goingmuon fluxes from
the center of the Earth and from the Sun can poten-
tially either find a signal or, at least, place significant
constraints (though some uncertainties about a pos-
sible solar-bound population still have to be resolved)
[4]. Also,measurements of low-energy antiprotons [7]
or antideuterons [8] in space may provide interesting
constraints on the SUSY model parameters [4].

We notice that the detectability of relic neutralinos
by measurements of up-going muon fluxes from the
center of the Earth and from the Sun at neutrino
telescopes is more favorable in the case of low lo-
cal and average densities. We have shown that the
annual-modulation effect measured by the DAMA
collaboration may be interpreted as due to relic neu-
tralinos, which are compatible with all current con-
straints from accelerator measurements and WIMP
PH
indirect searches. In our evaluations, we have taken
into account that the determination of the actual
sensitivity region in terms of the WIMP–nucleon
cross section and of the WIMP mass from the exper-
imental data depends quite sizeably on uncertainties
of various origins, mainly: (i) possible effects due to
a halo bulk rotation and/or to asymmetries in the
distribution of WIMP velocities and (ii) significant
uncertainties in the determination of Higgs quark–
quark and neutralino–quark–squark couplings. We
stress that all these effects have to be taken properly
into account when conclusions about comparison of
theory with experiments are drawn. Finally, we wish
to point out that a SUSY Higgs boson at a mass of
about 115 GeV, as possibly hinted by the Higgs LEP
experiments, would fit remarkably well in the scenario
depicted above [9].
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Abstract—Emission of a familon due to the processes e− → e− + φ and e− → µ− + φ by dense mag-
netized plasma is analyzed as a possible mechanism of energy and momentum losses by astrophysical
objects. The field-induced effective familon–photon coupling in the familon-emission process is taken
into account. The contribution of these processes to the familon emissivity of a magnetized plasma in a
supernova explosion is calculated. It is shown that there is asymmetry of familon emission in the process
e− → µ− + φ. c© 2002 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

The familon, the Nambu–Goldstone boson, asso-
ciated with spontaneous breakdown of a global family
symmetry, is of interest not only in the theoretical
aspect of elementary particle physics, but also in
some astrophysical and cosmological applications [1].
In particular, through coupling to the electron and
photons, the familon could give a contribution to the
energy and momentum losses by a stellar object.

In this paper, we study familon-cyclotron-emission
processes e− → e− + φ and the transition e− →
µ− + φ forbidden in vacuum and their contributions
to the energy losses by the magnetized plasma.
We consider the physical situation when the typical
energy of the plasma electrons, E, is the largest
physical parameter,1)

E2 � eB � m2
e. (1)

Condition (1) corresponds to relatively weak mag-
netic field, when plasma electrons occupy the highest
Landau levels. At the same time, the magnetic field is
still strong enough in comparison with the Schwinger
value B � Be, Be = m2

e/e � 4.41 × 1013 G. Such
extreme conditions as high density of matter
∼1014 g/cm3, a large electron chemical poten-
tial µ ∼ 500me, and a strong magnetic field up to
B ∼ 1017 G could exist, for example, in the core of
an exploding supernova.

It is known that the problem of studying of the
quantum processes under conditions (1) reduces to

∗This article was submitted by the authors in English.
**e-mail: elenan@uniyar.ac.ru
1)We use natural units in which c = � = 1, e > 0 is the ele-

mentary charge.
1063-7788/02/6512-2229$22.00 c©
calculation in the constant crossed field [2]. It is
because, in the rest frame of a high-energy electron, a
relatively weak and smooth external electromagnetic
field looks very similar to the constant crossed field
(B ⊥ E, |B| = |E|), where (FF ) = (F̃F ) = 0 and
Fµν and F̃µν are the tensor and the dual tensor of
the external field. Thus, the result actually depends
only on the dimensionless dynamic parameter χ,

χ2 =
e2(pFFp)

m6
, (2)

where pµ is the particle 4-momentum and m is the
particle mass. Inside the parentheses, the tensor
indices are cancelled systematically, for example,
(pFFp) = pαFαβFβνpν .

2. FAMILON CYCLOTRON EMISSION

The familon cyclotron emission by the plasma
electron has two possible channels shown in Fig. 1.
The process e− → e−+φ due to direct familon–elect-
ron coupling (Fig. 1a) can be described by the effec-
tive Lagrangian in the following form:

Lφe =
gφe

2me
[Ψeγαγ5Ψe]∂αΦ, (3)

where Φ and Ψe are the familon and electron fields,
respectively; gφe = 2me/F ; and F is the family
symmetry-breaking scale. The astrophysical con-
straint gives gφe < 1.4 × 10−13 (F > 7 × 109 GeV)
[3].

It is important that the magnetic field induces a
new effective interaction between the familon and the
photon of the type

Lφγ = gφγ(∂βAα)F̃αβΦ, (4)
2002 MAIK “Nauka/Interperiodica”
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Fig. 1. The Feinman diagrams for the familon cyclotron
emission by plasma electron in the presence of a magnetic
field.

where Aµ is the 4-potential of the quantized electro-
magnetic field and gφγ is the effective familon–photon
coupling constant in the presence of the external field.
This constant gφγ could be extracted from the paper
[4], where the effective field-induced interaction of a
pseudoscalar particle with photons was investigated.
Note that, if the magnetic field is not so strong (B 	
Bµ = m2

µ/e � 1.8 × 1018 G, mµ being the mass of
the muon), only the virtual electron gives a contribu-
tion to gφγ , so for gφγ one can obtain the following
result:

gφγ =
α

π

gφe

me
.

The S-matrix element of the process e− → e− + φ is

S =
1

F
√

2ωV

[
2αe
π

(qF̃GLI(em)) − (qI(5))
]
,

where I
(em)
µ =

∫
d4xψe(p′, x)γµψe(p, x)eiqx, I

(5)
µ =∫

d4xψe(p′, x)γµγ5ψe(p, x)eiqx, ψe is the solution
of the Dirac equation in the constant crossed field
[5], qα = (ω,q) is the familon 4-momentum, pα =
(E,p) and p′α = (E′,p′) are the 4-momenta of the
initial and final electrons, and GL

αβ is the longitudinal
plasmon propagator. The longitudinal plasmon prop-
agator GL

αβ in the limit of weak magnetic field (1) can
be written as

GL
αβ � lαlβ

q2 − ΠL
,

lα =

√
q2

(uq)2 − q2

(
uα − (uq)

q2
qα

)
.

Here, lα and ΠL are the eigenvector and eigenvalue of
the polarization operator corresponding to the longi-
tudinal plasmon, respectively, and uα is the 4-vector
of the velocity of the medium.

3. TRANSITION e− → µ− + φ
The phenomenon of fermion mixing gives rise to

flavor-nondiagonal familon–fermion interaction. As
PH
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Fig. 2.The Feinman diagram for transition e− → µ− + φ
in the presence of magnetized plasma.

a result, the processes with lepton-number violation
of the type e− → µ− + φ, µ− → e− + φ become pos-
sible. We investigate the transition e− → µ− + φ as
an additional channel of the familon emission by the
plasma electron (Fig. 2).

This process was studied earlier [6] in the strong
magnetic field limit under the condition of small-
ness of the difference µ−mµ, when µ2 −m2

µ 	 eB,
so the final muons are produced only in the lowest
Landau level. In contrast to [6], we consider, as an
example, the conditions in a supernova core with a
relatively weak magnetic field, when µ2 −m2

µ � eB,
and therefore muons can occupy a great number of
excited Landau levels.

The interaction of the familon with the electron
and the muon is described by the effective Lagrangian
in the form

L =
1
F

[Ψµγα(a+ bγ5)Ψe + Ψeγα(a+ bγ5)Ψµ]∂αΦ,

(5)

where Ψµ is the muon field and a2 + b2 = 1.

The S-matrix element of the process e− → µ− +φ
can be obtained immediately from Lagrangian (5) by
substitution of solutions to the Dirac equation in the
crossed field:

S =
−1√
2ωV F

∫
d4xψµ(p′, x)q̂(a+ bγ5)ψe(p, x)eiqx,

where p′α = (E′,p′), pα = (E,p) are the muon and
electron 4-momenta, respectively.

4. FAMILON EMISSIVITY

To illustrate possible astrophysical applications of
the result obtained, we estimate the energy losses of
plasma via the familon emission:

ε̇ =
1

(2π)3

∫
dW

dω
ωdω

d3p

e(E−µ)/T + 1
, (6)

where ε̇ is the volume density of the plasma energy
losses per unit time, ω is the energy of the emitted
YSICS OF ATOMIC NUCLEI Vol. 65 No. 12 2002
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familon, and dW/dω is the differential probability of
the process considered.

The volume density of the plasma energy losses
caused by the familon emission can be represented as
the sum of two contributions

ε̇φ = ε̇e−→e−φ + ε̇e−→µ−φ.

We estimate the familon emissivity under the condi-
tions that could be realized in a supernova explosion.
As an example, we take µ = 250 MeV, T = 35 MeV,
and B = 1017 G:

ε̇φ � 1027
[
0.56(e→eφ) + 0.81(e→eφ)(γ) (7)

+ 0.82(e→µφ)

](7 × 109 GeV
F

)2 [ erg
cm3 s

]
.

It is seen from (7) that the contributions from
the process e− → µ− + φ and the familon cyclotron
emission e− → e− + φ are of the same order for the
parameters considered, while the familon luminos-
ity Lφ ∼ 1046erg/s is much less than the neutrino
luminosity Lν ∼ 1052erg/s from the supernova core
during the first few seconds after the collapse.

It should be pointed out that, at the cooling stage,
when the temperature becomes on the order of MeV,
the process e− → µ− + φ begins to dominate over the
cyclotron emission e− → e− + φ,

ε̇φ � ε̇e−→µ−φ � 0.92

× 1025

(
7 × 109 GeV

F

)2 [ erg
cm3s

]
,

and could provide competition with the neutrino en-
ergy losses at this stage, ε̇ν ∼ 1026 erg/(cm3 s) [1].

Another interesting feature of the processes con-
sidered is the asymmetry of familon emission:

A =
1
ε̇

∫
q3d

3p/(2π)3

e(E−µ)/T + 1
dW,

where q3 is the component (parallel to the field) of the
familon momentum.

Our calculations show that only the transition
e− → µ− + φ gives a contribution to this asymmetry,
which has a very simple form:

A � ab

3
eB

m2
µ

. (8)
PHYSICS OF ATOMIC NUCLEI Vol. 65 No. 12 20
As one can see, the dependence of the asymmetry A
on plasma parameters—the electron chemical poten-
tial µ and temperature T—is totaly canceled. Recall,
however, that the result (8) was obtained under the
assumption that µ is the largest physical parameter
of the problem. The asymmetry of familon emission
leads to the familon force action on the magnetized
plasma along the magnetic field, which, in turn, leads
to the kick velocity of the supernova remnant. Our
estimates indicate that, on the scale of the magnetic
field up to 1017 G, the kick velocity does not exceed
100 km/s. Thus, the familon emission asymmetry
cannot solve the problem of the proper velocity of the
pulsars.

In conclusion, we have studied familon emission
by plasma electrons via the processes e− → µ− + φ,
e− → e− + φ. Due to very weak interaction of the
familon with matter, the above processes could be im-
portant in astrophysics and cosmology. As a specific
application of the results obtained, we have calculated
the plasma energy–momentum losses via familon
emission in a supernova explosion.
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Abstract—The form factors of the decayK+ → π0e+νe (Ke3) have been determined from the comparison
of the experimental and Monte Carlo Dalitz distributions containing about 105 Ke3 events. The follow-
ing values of the parameters were obtained: λ+ = 0.0278± 0.0017 (stat.) ± 0.0015 (syst.), |fS/f+(0)| =
0.0040± 0.0160 (stat.) ± 0.0067 (syst.), and |fT /f+(0)| = 0.019± 0.080 (stat.) ± 0.038 (syst.). Both
scalar fS and tensor fT form factors are consistent with the Standard Model predictions of zero values.
c© 2002 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

The most general Lorentz-invariant form of the
matrix element ofKe3 decay can be written as [1, 2]

M ∝ f+(q2)(PK + Pπ)λūeγλ(1 − γ5)uν (1)

+ f−(q2)meūe(1 − γ5)uν + 2mKfSūe(1 − γ5)uν

+ (2fT /mK)(PK)λ(Pπ)µūeσλµ(1 − γ5)uν ,

where f±(q2), fS, and fT are the vector, scalar,
and tensor form factors, and PK and Pπ are 4-
momenta of the K+ and π0. The vector form factors
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f±(q2) are assumed to be linearly dependent on the
momentum transfer squared q2 = (PK − Pπ)2, and
they can be represented by the equation f±(q2) =
f±(0)(1 ± λ±(q2/m2

π0)). Because of the small mass
of the positron, the part of the matrix element that
depends on f−(q2) is negligible and there are just
three free parameters of the theory: λ+, fS, and
fT . Within the Standard Model (SM), due to W -
boson exchange, no terms other than those of a pure
vector nature are expected. A possible contribution
to fS and fT from electroweak radiative corrections
is negligibly small, and, therefore, nonzero values
of fS and fT would signal new physics beyond the
SM. Actually, such deviations from zero for these
form factors were measured in [1, 3], but were not
confirmed in a recent experiment [4], where fS and fT

were measured with sensitivity similar to [1, 3].
In this paper, we present the results of the reanal-

ysis of the Ke3 data taken with the E246 detector at
the KEK 12-GeV proton synchrotron. The first result
obtained using this data set was published in [4].

2. EXPERIMENT

The experiment was performed with the setup
constructed to search for T violation in K+ →
π0µ+νµ decay. The experimental arrangement is
2002 MAIK “Nauka/Interperiodica”
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Fig. 1. The layout of the E246 setup.
shown in Fig. 1 and is described in detail else-
where [5–8]. Kaons with PK+ = 660 MeV/c are
identified by a Cerenkov counter, slowed in a BeO
degrader and then stopped in a target array of 256
scintillating fibers located at the center of a 12-sector
superconducting toroidal spectrometer. Charged par-
ticles from kaon decays in the target were tracked
by means of multiwire proportional chambers at
the entrance and exit of each magnet sector, along
with the target and a scintillation ring hodoscope
around the target. The momentum resolution of σP =
2.6 MeV/c at P = 205 MeV/c was obtained using
monoenergetic products from the two-body decay
K+ → π+π0.
The energies and angles of the photons from π0

decays are measured by a CsI(Tl) photon detector
consisting of 768 modules [6]. The photon detec-
tor covers a solid angle of 3π sr, with openings for
the beam entry and exit and 12 holes for charged
particles to pass into the magnet gaps. The photon
energy was obtained by summing the cluster energy
distributed among several crystals surrounding the
central crystal. The position of the photon cluster
is determined using the energy-weighted “center-of-
gravity” method. To suppress accidental background
from the beam, timing information from each crystal
was used. A time resolution of 3.8 ns (σ) for the wide
photon energy range of 10–220 MeV was achieved.
The energy resolution was found to be σEγ/Eγ �
3.0% at Eγ = 150 MeV. The invariant mass resolu-
tion of σγγ = 7.5 MeV/c2 at Mγγ = 133.1 MeV/c2
PHYSICS OF ATOMIC NUCLEI Vol. 65 No. 12 20
and angular resolution of σθ = 2.4◦ were obtained in
the experiment [6, 9].
The study of theKe3 decay required a trigger con-

dition different from that of the main experiment. The
following trigger was used to accumulateKe3 events:

CK × Fidi × TOF2i × 2γ ×GapVeto. (2)

The Cherenkov condition CK ensures that the beam
particle is a K+. The coincidence between CK , de-
layed by 2 ns, and the fiducial counters (Fidi) for
the charged particles eliminates the triggers due to
decays in flight. The time-of-flight signal from the
corresponding gap (TOF2i) completes the charged
particle trigger condition. The trigger also required
two hits in the CsI (2γ). The requirement GapVeto
eliminates events where the charged particle may
have lost energy in the CsI crystals around the ith
hole. TheKe3 data were collected for two spectrome-
ter field settings, B = 0.65 and 0.9 T.

3. ANALYSIS

Ke3 events were selected using the following re-
quirements. A clean hit pattern in the target and a
delayed decay at least 2 ns after the K+ arrival time
measured by the Cherenkov counter suppressed the
K+ decays in flight. Cuts on the charged-particle
momentum, P < 190 MeV/c, and the opening angle
between π0 and e+, θπ0e+ < 170◦, effectively removed
the Kπ2 events. π+ decays in flight were rejected
by a cut on the track reconstruction χ2 < 14. The
02
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photon conversion events were suppressed by re-
quiring single hits in the ring and fiducial counters
and a single track in the target. Events with more
than two hits in the electromagnetic calorimeter were
rejected. The cut on the invariant mass was 75 <

Mγγ < 140 MeV/c2. The main criterion separating
Ke3 positrons from Kµ3 muons was derived from
the time-of-flight (TOF) measurement between the
fiducial counters and scintillating counters (TOF2)
located at the exit of each spectrometer gap (Fig. 1).
The mass squared of the charged particle was deter-
mined as

M2 = P 2

[(
L

τc

)2

− 1

]
, (3)

where L and τ are the length and time of flight
of the charged particle between fiducial and TOF2
counters, and c is the speed of light in vacuum.
The TOF resolution is σTOF = 300 ps, and the mass
squared spectrum is shown in Fig. 2. To separate
PH
positrons from muons, a cut on the mass squared
−4500 < M2

TOF < 4500 (MeV/c2)2 was chosen.

Compared to the analysis of [4], improvements
in reconstruction of the charged-particle track were
made. In the new analysis, information about the
kaon stopping position from the target (x, y) and
ring counter (z) was included in the momentum re-
construction routine. The reconstruction of the π0

kinematics was also improved by using tighter time
windows in CsI and improved calibration. The Monte
Carlo routines properly included the correct kaon
stopping distribution in the target and the electro-
magnetic shower leakage effects in CsI. This allowed
us to use all CsI crystals for reconstruction of the π0,
while in [4] events where either photon hit a crystal
adjacent to the 12 charged-particle holes were re-
jected. Overall optimization resulted in approximately
a factor of 4 increase in acceptance. For a 0.65-T
magnetic field we extracted 102K good Ke3 events
with background contamination of 0.21% from Kµ3

and 0.34% from Kπ2 decays. The distributions of the
YSICS OF ATOMIC NUCLEI Vol. 65 No. 12 2002



TEST OF EXOTIC SCALAR AND TENSOR INTERACTIONS 2235

 

1600

1200

800

400

0
60 100 140 180

(

 

b

 

)

 
N

 

θ

 

γ γ

 

, deg

2000

1500

1000

500

0 40 80 120 160

(

 

a

 

)

 

θ

 

π

 

0

 

e

 

+

 

,

 

 deg

2500

 

N

Fig. 3. Ke3 decays: (a) angle between e+ and π0; (b) angle between photons θγγ . The solid line is the experiment, and the
dashed line is the Monte Carlo simulation.

 

0 50 100 150

1000

2000

3000

4000

 

N

 

(

 

c

 

)

 

M

 

γγ

 

, MeV/

 

c

 

2

 

0 100 200 300

500

1000

1500

2000

 

N

 

(

 

d

 

)

0 50 100 150

400

800

1200

1600

 
N

 

(

 

b

 

)

0 50 100 150

500

1000

1500

2000

 
N

 

(

 

a

 

)

2500

 

E

 

π

 

0

 

, MeV

 

E

 

γ

 

2

 

, MeV
200

 

E

 

γ

 

1

 

, MeV

2500

Fig. 4. Ke3 decays: (a) energy of γ1 (Eγ1 > Eγ2); (b) energy of γ2; (c) invariant mass Mγγ ; (d) energy of π0 (Eπ0 =
Eγ1 + Eγ2). The solid line is the experiment, and the dashed line is the Monte Carlo simulation.
PHYSICS OF ATOMIC NUCLEI Vol. 65 No. 12 2002



2236 LEVCHENKO et al.

 

1.2

1.1

1.0

0 2 4 6
(

 

q

 

/

 

m

 

π

 

0

 

)

 

2

 
(

 
N

 

exp

 
/
 
N
 

åë

 
)

 
1/2

Fig. 5. The q2 dependence of the ratio Nexp/NMC. The
straight line shows a linear fit with λ+ = 0.0278.

π0–e+ opening angle and the opening angle between
photons from π0 → γγ for Ke3 decay is shown in
Fig. 3. Energy spectra of theKe3 decay are shown in
Fig. 4.

The extraction method for the parameters is based
on comparison of the experimental and Monte Carlo
Dalitz distributions. If one allows for existence of
exotic interactions, the Dalitz plot density is given
by [10]

ρ(Ee, Eπ) = f2
+(q2)(A + Bξ(q2) + Cξ2(q2)), (4)

where

A = mK(2EeEν −mKE
′
π) + m2

e(E
′
π/4 − Eν),

B = m2
e(Eν − E

′
π/2), C = m2

eE
′
π/4,

E
′
π = (m2

K + m2
π −m2

e)/(2mK) − Eπ,

ξ(q2)

=
(2mK/me)RS +(me/mK +2(Eν −Ee)/me)RT

1 + (me/mK)RT
,

Systematic errors

Source λ+ fS fT

MWPCmisalignment 0.0006 0.0010 0.0022

MWPC spatial resolution 0.0002 0.0010 0.0010

e+ identification 0.0007 0.0022 0.0004

Bremsstrahlung 0.0010 0.0015 0.0280

χ2 cut point 0.0001 0.0010 0.0018

CsI barrel misalignment 0.0005 0.0042 0.0240

Eγ andMγγ cut point 0.0003 0.0020 0.0027

γ → e+e− conversion 0.0001 0.0018 0.0100

Pileup in CsI 0.0004 0.0013 0.0015

Total 0.0015 0.0067 0.0380
PH
RS =
fS

f+
, RT =

fT

f+
.

The parameters of the decay can be extracted by
selecting the minimum of the χ2 variable defined as

χ2 = 2
n∑

i=1

(
(NMC

i −N
exp
i ) + N

exp
i log

N
exp
i

NMC
i

)
,

(5)

where n is the number of bins over the Dalitz plot,
NMC

i is the number of Monte Carlo events in each
bin, and N

exp
i is the number of experimental events

in each bin.
Within the Standard Model, the only parameter to

be obtained is λ+. It can be extracted in a model-
independent way from the q2 dependence of f+.
Using (4), we have

√
ρ(Ee, Eπ) ∝ f+ = f+(0)(1 +

λ+q2/m2
π0), and, therefore, λ+ can be extracted from

the ratio

(Nexp/NMC(λ+ = 0))1/2 = 1 + λ+q2/m2
π0. (6)

The q2 dependence of this ratio shown in Fig. 5
allows us to determine the value λ+ = 0.0278 ±
0.0016 (stat.).
For extraction of all three parameters λ+, fS, and

fT , the Dalitz distribution fit was performed using
the Pe+ , θπ0e+ variables. The angle between the pion
and the positron, θπ0e+ , was preferred instead of the
pion energy Eπ0 in order to reduce the systematic
error related to the energy leakage in the electromag-
netic calorimeter. The chosen bin sizes were ∆Pe+ =
3.125 MeV/c and ∆θπ0e+ = 4.2◦. Radiative correc-
tions to the Dalitz plot were taken into account ac-
cording to Ginsberg [11]. The χ2 between the ex-
perimental and Monte Carlo Dalitz distributions was
minimized by a program based on MINUIT [12]. The
values obtained for λ+ and the scalar and tensor form
factors are

λ+ = 0.0278 ± 0.0017 (stat.), (7)

|fS/f+(0)| = 0.004 ± 0.016 (stat.),
|fT /f+(0)| = 0.019 ± 0.080 (stat.).

Since our analysis relies on the proper detector
responses used by the Monte Carlo simulation, com-
parisons and checks were made wherever possible.
For example, to check the values obtained and to
see possible unknown systematic effects, a similar
analysis of the scatter plot θγγ vs. Pe+ was also
performed. From this approach, it was found that
λ+ = 0.0281 ± 0.0017 (stat.), |fS/f+(0)| = 0.001 ±
0.018 (stat.), and |fT /f+(0)| = 0.007 ± 0.100 (stat.).
No significant variations of the λ+ value were seen,
and values of the form factors were consistent with
YSICS OF ATOMIC NUCLEI Vol. 65 No. 12 2002
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zero within a 1σ uncertainty. Themain sources of sys-
tematic errors were related to detector inefficiencies,
misalignments of the detector elements, background
contamination, and uncertainties connected to the
Monte Carlo simulation. All these sources were
studied, and the estimations of the systematic errors
are presented in the table.

4. RESULT

The result presented here is based on about 105

goodKe3 events. We have obtained

λ+ = 0.0278 ± 0.0017 (stat.) ± 0.0015 (syst.), (8)
|fS/f+(0)| = 0.0040

± 0.0160 (stat.) ± 0.0067 (syst.),
|fT /f+(0)| = 0.019 ± 0.080 (stat.) ± 0.038 (syst.).

Using only one data set at B = 0.65 T, we have
improved statistical errors by a factor of 1.5 and sys-
tematic errors for λ+, fS , and fT were reduced by
the factors 2.0, 2.1, and 2.4, respectively, compared
to our previous result [4]. This result is in agreement
with the Standard Model prediction, and there is no
PHYSICS OF ATOMIC NUCLEI Vol. 65 No. 12 20
evidence for a deviation from zero for the values of the
scalar and tensor form factors. We expect to further
improve our accuracy after completing the analysis of
theKe3 data accumulated at B = 0.9 T.
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Abstract—We have measured the quadratic slope parameter α for η → 3π0 decay. Our final result is
α = −0.031(4). We have also obtained the branching ratio (BR) for the double radiative decay η → π0γγ.
Our preliminary result is BR(η → π0γγ) = 3.2(9)× 10−4. These new measurementswere performed using
the recent (1998) high-statistics sample of 1.9 × 107 η produced at the AGS at BNL in π−p→ nη close
to threshold. The η decay into neutrals was detected with the Crystal Ball multiphoton spectrometer. Both
measurements provide important tests of chiral perturbation theory (χPTh). Our result for α is four times
more precise than the present world data and disagrees with current χPTh calculations by about four
standard deviations. Our branching ratio for η → π0γγ is about half the current value and is in agreement
with the χPTh predictions. c© 2002 MAIK “Nauka/Interperiodica”.
The decay η → 3π violates G parity and, except
for a small electromagnetic contribution, occurs
because of the u–d quark mass difference. Any low-
energy theory must predict both the rate and the
spectrum of the pions correctly. This decay provides
an important testing ground for χPTh, a practical,
low-energy effective theory for QCD based on the
chiral symmetry of the massless QCD Lagrangian
that is broken when the quark masses are included. In
the χPTh momentum expansion, the leading O(p2)
term of the decay amplitude explicitly exhibitsA(η →
3π) ∼ md −mu. However, this term yields a decay
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width Γ(0)
th (η → π+π−π0) = 66(8) eV that is smaller

than the measured value of Γexp(η → π+π−π0) =
281(28) eV by a factor of 4; when the second-order
O(p4) counterterms are included, the predicted rate
increases to 167(50) eV [1]. Dispersive methods,
which include pion rescattering to all orders, raise the
predicted rate to 209(56) eV [2]. This improves the
agreement, but the χPTh prediction is still somewhat
below the experimental value. Besides the decay rate,
one must also consider the pion spectrum in the
final state. Since the Q value is small, the η → 3π0

decay amplitude and width may be parameterized
as A(η → 3π0) ∼ (md −mu)(1 + αz) and Γ(η →
3π0) ∼ (md −mu)2(1 + 2αz). The variable z is de-
fined as z = 6

∑3
i=1(Ei −mη/3)2/(mη − 3mπ0)2 =

ρ2/ρ2
max, where Ei is the energy of the ith pion in the

η rest frame and ρ is the distance from the center of
the Dalitz plot. The variable z varies from 0, when all
three π0 have the same energy of mη/3, to 1, when
one π0 is at rest. The quadratic energy dependence
indicated by the α term arises at O(p6); it is, strictly
speaking, outside the one loop O(p4) calculation
of [1]. However, a nonzero value is expected in a
dispersive calculation where rescattering effects are
treated to all orders. The predicted values for α in [2]
are in the range −(0.014–0.007) depending on the
value of a parameter in their calculation.

There are two main previous experimental deter-
minations of α: α = −0.022(23) based on 50K events
[3] and α = −0.052(20) [4] from a sample of 9.8× 104
2002 MAIK “Nauka/Interperiodica”
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p̄p→ ηπ0π0 → 5π0 events. The resulting world aver-
age is−0.039(15) [5], but the nearly 40% uncertainty
does not provide a strong constraint on theoretical
calculations.

We have made a new high-statistics measurement
of α based on 1.9 × 107 η mesons produced in a
two week run in 1998 with the Crystal Ball (CB)
multiphoton spectrometer installed in the C6 beam
line of the Alternating Gradient Synchrotron (AGS)
at Brookhaven National Laboratory (BNL). The CB
consists of 672 optically isolated NaI crystals ar-
ranged in two hemispheres that cover 93% of 4π sr
[6]. A momentum-analyzed 720-MeV/c pion beam
incident on a 10-cm-long liquid hydrogen (LH2) tar-
get produced the η mesons near the threshold of
the reaction π−p→ nη. The process π−p→ nη →
n3π0 → n6γ was identified by analyzing the neutral,
six-cluster events detected in the CB. A “cluster” is
PHYSICS OF ATOMIC NUCLEI Vol. 65 No. 12 20
a group of neighboring crystals in which energy is
deposited from a one-photon electromagnetic (em)
shower. The neutral clusters required a 17.5-MeV
threshold in software; they were analyzed as photons.
In principle, the neutron could produce an additional,
seventh, cluster in the CB, but near the threshold
of π−p→ nη, about 99% of these neutrons passed
undetected through the downstream aperture of the
CB detector. Finally, the six-cluster only events were
subjected to a kinematic fit testing the π−p→ nη →
n3π0 → n6γ hypothesis. All fifteen possible pairings
of six photons to form three π0 mesons were con-
sidered; the best pairing combination was chosen
as the one with the lowest χ2 value. Events were
required to satisfy the kinematic hypothesis with a
probability greater than 2%, i.e., a 2% confidence level
(C.L.). A sample of 1.6 × 107 π−p→ nη → n3π0 →
n6γ events was generated for the Monte Carlo (MC)
02
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Theoretical calculations for the η → π0γγ decay rate (ENJL—Extended Nambu–Jona-Lasinio model; VMD—vector
meson dominance model)

Theory Γ(η → π0γγ), eV Reference

χPTh, O(p2) 0 L. Amettler et al., Phys. Lett. B 276, 185 (1992)

χPTh, · · · + O(p4) 0.004 L. Amettler et al., Phys. Lett. B 276, 185 (1992)

χPTh, · · · + O(p6) 0.42 ± 0.20 L. Amettler et al., Phys. Lett. B 276, 185 (1992)

χPTh, · · · + O(p6) 0.47 P. Ko, Phys. Lett. B 349, 555 (1995)

χPTh, ENJL, · · · + O(p6) 0.58 ± 0.30 S. Bellucci and C. Bruno, Nucl. Phys. B 452, 626 (1995)

χPTh, ENJL, · · · + O(p6) 0.27+0.18
−0.07 J. Bijnens et al., Phys. Lett. B 379, 209 (1996)

VMD 0.30 ± 0.15 J. N. Ng and D. J. Peters, Phys. Rev. D 46, 5034 (1992)

Q box 0.70 J. N. Ng and D. J. Peters, Phys. Rev. D 47, 4939 (1993)

VMD 0.4 W. Alles et al., Nuovo Cimento A 45, 272 (1966)
determination of the CB acceptance and analysis ef-
ficiency based on a full GEANT (version 3.21) sim-
ulation of the detector. For the simulation, α was
set to zero. Much attention was given to reproduc-
ing the experimental efficiencies, resolutions, and the
production features of the π−p→ nη reaction [7].

A sample of 0.95 × 106 experimental events sur-
vived the analysis. The combined effect of the finite
geometrical acceptance, photon conversions in the
target and vetoing system, the hardware trigger con-
ditions, photon-cluster reconstruction efficiency, and
the kinematic-hypothesis test yields a final accep-
tance of 17.5%. The level of background contamina-
tion of the selected events was estimated to be much
less than 1%. The 3π0 invariant mass distribution
(formed by omitting the η mass constraint in the
hypothesis) has a centroid of 547.3 MeV with σm =
5 MeV, and the MC distribution agrees with these
values within 0.2 MeV for both the centroid and the
width (Fig. 1a).

Figure 1b demonstrates the agreement between
the data and MC for the probability distributions of
the kinematic fit for our hypothesis. Figure 2a com-
pares the distributions of the variable z obtained from
our data and MC (α = 0). The bin width (0.05) was
chosen to be ≈ 1.4σz . The MC z distribution is nor-
malized to obtain a ratio of unity at z = 0. The shape
of the MC distribution shows that our acceptance
for the η → 3π0 Dalitz plot is nearly flat. Note that,
near the edge z = 1, the density distributions have
poorer statistics and are more sensitive to effects of
finite resolution since they correspond to the edges of
the Dalitz distribution. Thus, the fits to the data to
determine α were made for the full z distribution and
also for z ≤ 0.9.

In order to estimate the systematic error for α,
we have investigated in detail a number of different
PH
parameters of the analysis [7]. We have studied the
effect of varying the minimum confidence level used
for event selection, the effect of the combinatoric
background, the effect of the software changing the
CB acceptance, cluster reconstruction parameters,
bin size for z distribution, and many others. In Fig. 2b,
we show a straight-line fit (z < 0.9) to the ratio of the
data and normalized MC z distributions for events
selected at the 5% C.L. The value χ2/ndf = 5.2/16
indicates good agreement with the linear-fit hypoth-
esis. The goodness of fit precludes fitting to higher
order terms. The investigation of our systematic un-
certainties did not reveal any significant change in the
α values depending on variations in the parameters.
Their fluctuations were consistent with the allowed
statistical variation of α due to changing the sample
size. Since these variations represent the combined
effect of both statistical and systematic uncertainties,
we took as our combined systematic and statistical
error the largest variation in α. Our final result is
α = −0.031(4) [8]. This value for α is within errors
in agreement with previous measurements. However,
the error in our measurement is several times smaller.
Compared to the present χPTh dispersive calcula-
tions, our result for α agrees with them in sign but
is too large in magnitude. A possible conclusion of
our result is that there are dynamical effects which
are contributing to the η → 3π0 decay. One example
of a dynamical term is an O(p6) contribution such
as the effective chiral Lagrangian L6 ∼ F 2

π tr((χU † +
Uχ†)DµUDµU

†DνUDνU
†). The coefficients of such

terms are not constrained by the strictures of chiral
invariance and are experimentally undetermined at
present. Clearly, an improved measurement of the
charged decay η → π+π−π0, together with our result,
YSICS OF ATOMIC NUCLEI Vol. 65 No. 12 2002
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would provide tighter constraints on the χPTh calcu-
lations.

The double radiative decay η → π0γγ has drawn
much attention over the years. Its decay rate is sup-
pressed due to chiral symmetry. In the χPTh momen-
tum expansion, since the leadingO(p2) term is absent
and O(p4) is very small because there is no direct
photon coupling to π0 and η, the main contribution
comes from O(p6). Therefore, the experimental value
for BR(η → π0γγ) provides a unique test of the third-
order term of the χPTh expansion of the decay ampli-
tude. The results of the existing theoretical estimates
for Γ(η → π0γγ) are summarized in the table.

As every model predicts its own matrix element for
the decay amplitude, the experimental measurement
of the η → π0γγ Dalitz plot also provides an impor-
tant test of the χPTh calculations. However, the ex-
perimental situation formeasuring η → π0γγ decay is
rather poor. There is only one extensive measurement
of BR(η → π0γγ) so far: the GAMS-2000 group
[3] quotes BR(η → π0γγ) = (7.1 ± 1.7) × 10−4 (or
Γ(η → π0γγ) = 8.4 ± 1.9 eV) based on a signal
of ∼ 40 events. This result is greater than every
prediction based on χPTh. No experimental decay
distributions have been presented for η. Certainly, a
new measurement of the η → π0γγ decay is needed.

To search for the η → π0γγ decays, the same CB
data set with 1.9 × 107 η mesons has been analyzed.
In this article, we give a brief description of the anal-
ysis and our preliminary result for BR(η → π0γγ);
more details may be found in [9]. Events with four
clusters detected in the CB were considered in order
PHYSICS OF ATOMIC NUCLEI Vol. 65 No. 12 20
to identify the process π−p→ nη → nπ0γγ → n4γ.
The selection criteria were optimized for suppressing
background processes to the level where the number
of expected events from η → π0γγ would be com-
parable to the number of background events in the
η-mass region. The first source of the background is
the same reaction π−p→ nη but with η decaying into
3π0, BR(η → 3π0) = 0.322. This background con-
tributes to the four-cluster events because of photons
escaping the CB, or because of strongly overlap-
ping em showers. The case of overlapping showers
results in a “fake” peak at the η-mass region. The
investigation of the η → 3π0 background was made
with 1.6 × 107 π−p→ nη → n3π0 events simulated
for measuring the parameter α. The second source of
background is the process π−p→ nπ0π0, which at
our beam momenta has a cross section of ∼1.8 mb;
that is comparable to the ∼2 mb for nη. The π0π0

background does not produce a peak at the η-mass
region, but for proper simulation of this process, one
has to reproduce its complicated dynamics. Finally,
2× 107 π−p→ nπ0π0 events were simulated accord-
ing to the π0π0n Dalitz plot measured with the CB
[10]. For the process π−p→ nη → nπ0γγ, we simu-
lated 2 × 105 events where η mesons decay in accor-
dance with phase space.

To suppress the π0π0 background, we discarded
from the analysis all events where at least one
combination of the four clusters satisfied the π−p→
nπ0π0 → n4γ kinematic-fit hypothesis with prob-
ability >0.01%. Next, we selected only events that
satisfied the π−p→ nπ0γγ → n4γ hypothesis at the
10% C.L. A study of the MC events for background
02
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reactions showed that their Z vertices reconstructed
as part of the kinematic fit were distributed very dif-
ferently from the spectrum expected for the signal. So
we applied a selection cut on the Z vertex to increase
the signal/background ratio. A further suppression of
the η → 3π0 background from strongly overlapping
photon showers was achieved by applying a cut on the
so-called effective radius of a cluster. It was observed
that, for the clusters produced due to overlapping
showers, the effective radius was systematically larger
compared to the normal one-photon clusters. As a
result of applying all the above selection criteria, we
suppressed the η → 3π0 background in the η-mass
region to a level that is similar to the one expected
from η → π0γγ decays, if BR(η → π0γγ) = 0.00071.
At the same time the detection efficiency for η →
π0γγ events turned out to be about 16.5%.

The η → π0γγ events can be separated from the
background contributions even better if we consider
a two-dimensional distribution like m(π0γγ) vs.
mmax(π0γ) where all invariant masses are calculated
from the results of the kinematic fit to the hypothesis
π−p→ nπ0γγ → n4γ. The three plots for the MC
events, one for the η → π0γγ events and two for
background processes, were found to have their own
characteristic features. In order to fit our plots with
a binned maximum likelihood technique, we used
the HMCMLL routine (HBOOK program library)
modified to work with two-dimensional histograms.
To investigate our systematic uncertainties in the
determination of the η → π0γγ fraction, we performed
a number of fits where we varied the limits of the
plots and the criteria for event selection: the kine-
matic fit confidence level, Z vertex, effective radius
of cluster, and others. As an example, we show in
Fig. 3 the fit results for the m(π0γγ) distribution
obtained as a projection of the experimental and MC
plots corresponding to events selected with the 20%
C.L. and |Zvrtx| < 5 cm. Note that the experimental
distribution m(π0γγ) remaining after background
subtraction despite the large statistical errors shows
a clean signal of ∼ 500 events with a shape similar to
the peak from the MC of η → π0γγ.

The average of all tests that were made gave
BR(η → π0γγ) = (3.2± 0.8)× 10−4, where the error
includes the combined effect of statistics and sys-
tematics. There is also another source of systematics
that, in our opinion, should be incorporated in the
final error. This is an uncertainty due to the possible
PH
difference of the real decay amplitude for η → π0γγ
from the phase space used in the MC. In the case
of a significant difference between them, changing
the selection criteria and limits on the plot variables
may lead to a different fraction of η → π0γγ events
accepted in the data and in the MC. Although the
statistical errors in the experimental distribution
remaining after background subtraction were rather
large, we did not see any significant difference of
the experimental η → π0γγ Dalitz plot from the MC
one. The comprehensive study of this source of sys-
tematics showed that the corresponding uncertainty
does not exceed 10%. Including this uncertainty
in the total error yields a branching ratio BR(η →
π0γγ) = 3.2(9) × 10−4, which is about one-half the
existing value [3]. Our result disagrees with the old
measurement by about three standard deviations.
Note that our value for BR(η → π0γγ) is in much
better agreement with the χPTh predictions.
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